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ABSTRACT

Richmond's moment-method analysis for the current distribution and input impedance of
a monopole element on a disk ground plane above flat Earth is used to obtain the far-zone

field in the free-space region. Numerical results for directivity and radiation efficiency are

presented as separate entities, unlike previously reported results based on Monteath's
compensation theorem or Sommerfeld's attenuation function that give only the product of the
directivity and radiation efficiency.
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SECTION 1

INTRODUCTION

The modeling of monopole elements with circular ground planes in proxiL-ity to Earth

has been greatly enhanced in recent years by method-of-moments programs developed by
Richmond for disk ground planes [1] and by Burke, et al., for radial wire ground planes

[2,3,4].

The method-of-moments models include the following advantages over models based on
Monteath's compensation theorem [5,6,7,8,19] or Sommerfeld's attenuation function [9]:

(1) current on the ground plane is computed rather than approximated by that for a perfect

ground plane; (2) results are valid not only for moderately large ground planes, but for

electrically small ground planes; (3) ground-plane edge diffraction is determined directly

rather than neglected or obtained by perturbation methods; (4) analytical restrictions on

evaluating Sommerfeld's integral (such as requiring that the Earth's complex relative

permittivity have a modulus much greater than unity) are avoided; and (5) directivity and

radiation efficiency are determined as separate entities, rather than being lumped together as

a product to yield the antenna gain. Nevertheless, those other models are useful for
validating method-of-moments numerical results and for treating large ground planes whose

segmentation in method-of-moments models would exceed computer computational capacity

and precision.

Richmond has presented a moment-method analysis for the current distribution and input

impedance of a monopole element on a disk ground plane in free-space [10] and above flat

Earth [1 I with numerical evaluation by computer programs RICHMD1 and RICHMD3,

respectively. Weiner, et al. [11,12] have used Richmond's results in reference 10 to develop

a computer program, RICHMD2, for the far-zone field, directivity, and radiation efficiency

for the case when the ground plane is in the free space. The present effort uses Richmond's

results in reference 1 to obtain the far-zone field when the ground plane is above flat Earth.

Numerical evaluation of the far zone field is achieved with Richmond's computer program

RICHMOND4.
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Consideration is limited to the far-zone field in the free-space region, with ionospheric I
effects excluded. When the observer approaches the air-Earth interface, the total far-zone

field will include a small contribution from the "surface wave," but this term is not 3
considered here. Instead of a null on the radio horizon, the surface wave will contribute a

far-zone evanescent field that is small compared to the far-zone field in the direction of peak I
directivity. However, the significant effect of the near-field surface wave in reducing

radiation efficiency is included in the present analysis. I

The radiation field from the surface magnetic current density (magnetic frill) of the

coaxial line feed is included in the present analysis. Although the magnetic frill is the

excitation source for the current on the monopole element and the disk ground plane, its

contribution to the far-zone field may usually be neglected (as was done in references 11 and 1
12) unless the monopole element is so short that the radiation resistance of the magnetic frill

becomes comparable to that of the monopole element. 3
The theoretical model, numerical results, validation of numerical results, and conclusions

are given in sections 2, 3, 4, and 5, respectively. A more comprehensive treatment and

review of monopole elements on circular ground planes in proximity to flat Earth is given in

reference 13.

II
I
I
I
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SECTION 2

THEORETICAL MODEL

2.1 METHODOLOGY

The antenna geometry consists of a vertical monopole element (length h and radius b), on
an infinitely thin disk ground plane of radius a at a height zo above flat Earth (see
figure 1). The Earth, with a dielectric constant er, conductivity or (S/m) at a radian frequency

0o (rad/s), and free-space wavelength A (m), has a complex relative permittivity e*/eo
= er (I - j tan 8) where tan 6 = loss tangent = ol(W er Co) = (Acra2r er) (Wo)/2)'f

= 60 Aao Cr. The monopole element and disk are assumed to have infinite conductivity. The

location of an arbitrary far-zone observation point P is designated by spherical coordinates

(p, 0, 0) with original 0 at the air-Earth interface below the monopole element.

The feed for the monopole antenna is a coaxial line with its inner conductor connected
through a hole of radius bj in the ground plane to the vertical monopole element and its outer

conductor connected by means of a flange to the ground plane. The inner conductor's

diameter is equal to the monopole element's diameter 2b and the outer conductor's diameter is
equal to the ground-plane hole diameter 2bl. The current on the outside of the coaxial-line

feed is assumed to be zero because of the attenuation by lossy ferrite toroids along the

exterior of the coaxial-line feed (see section 2.4 of reference 12). The coaxial line feed

excitation may be replaced by an equivalent surface magnetic current density (magnetic frill)
Mo given by equation (23) of section 2.4.

The magnetic frill excitation gives rise to a monopole element current distribution l.(z)

along the z axis of the monopole element and a disk current density distribution J.,(p) in the

radial direction p in the plane of the disk. The current density J,(p) is the net current

density on the top and bottom of the disk (see equation 2.4.1 of reference 12). The method-

of-moment solution for the distributions 1,(z)and Jp(p) is described in reference 1. These

2-1
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currents are used to determine the far-zone field at P(r, 0, 0). The distribution I, (z) and Jp (p)

include the contribution of the surface wave. The theory which follows is based on a report by
Richmond (see Acknowledgments).

Wherever possible the notation will agree with that of references 1 and 10, except for the

following: the disk radius is denoted by a (instead of c); the monopole element radius is noted

by b (instead of a); the disk hole radius, equal to the radius of coaxial line outer conductor, is
denoted by b1 (instead of b); the Earth complex permittivity is denoted by e* (instead of e2); the

free-space wave impedance is denoted by 77o (instead of 77); and the origin of the z axis is on the

Earth's surface rather than on the disk ground plane. These changes in notation are made to

conform with the notation for the numerical results of section 3. The time dependence is

exp(jcot). The parameters of free space are denoted by (.uo, co), K = wo4iL7 and i/o = ,ry-o•

I The far-zone electric field intensity of the monopole/disk antenna may be regarded as the

sum of the field EJ radiated from the electric currents and the field EM radiated from the

magnetic frill current at the antenna terminals. To calculate these fields we consider the

electric current density J, the magnetic current density M radiating in free space, and the field

reflected from the air-Earth interface. In these calculations, the perfectly conducting antenna

structure is removed and replaced with the equivalent currents J and M.I
One successful but tedious approach to the far-zone fields starts with the rigorous

I expressions in terms of Sommerfeld integrals. This formulation is interpreted as a plane-

wave expansion that includes a finite spectrum of uniform "space" waves plus an infinite

spectrum of evanescent plane "surface" waves. Since the evanescent waves attenuate

approximately exponentially with their height above the Earth, and since their peak

amplitude relative to that of the space waves approach zero with increasing distance into the

I far-field, they are deleted in the far-zone field derivations. Finally, the method of stationary

phase is applied to evaluate the remaining integrals asymptotically as the observation point

I recedes to infinity.

I
1 2-3
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The same far-zone field expressions can be derived more readily via Carson's reciprocity I
theorem [22,23] as follows. The coordinate origin is on the air-Earth interface, the disk in the

plane z = zo, and the wire monopole extends from zo to zo + h on the z axis. A point in the 3
far-zone region is specified by the spherical coordinates (r, O, 0) where r denotes the radial

distance from the origin and the angle 0 is measured from the z axis.. The goal is to 3
determine the far-zone field E(r, 0, 0) in the free-space region. To accomplish this, we let

(E, Ht) denote the total field in the vicinity of the origin produced by an infinitesimal 3
electric test dipole located at the far-zone point (r, 6, 0) in the plane 0 = 0. If the dipole is

oriented in the 0 direction and has a dipole moment p, its field in the vicinity (x, y, z) of the I
origin is

Eo (x, y, z) -bjk77prexp(-jkR')

R' = r - (x sinO + z cosO) (2) 3
With this field incident on the air-Earth interface, the total magnetic field above the Earth in 3
the vicinity of the origin is

H'(x, y,z) = 4j1pexp(-jkr) exp(jkx sin 6)

4fr I
•[exp(jkz cos 0) + 91 exp(-jkz cos 0)] (3) I

where 9t denotes the plane-wave Fresnel reflection coefficient at the air-Earth interface.

The Earth conductivity, permeability, and dielectric constant are denoted by (q, P12, f'). I
We let /2 = ,o, in which case the reflection coefficient 91 (for parallel polarization) is given

by

I
2-4 3
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(e */eo)Cos 0 -f(*/e) -sin2  (9t = "tJil = (4)
(e* Ieo)COS6+ 4(e * leo)-sin 0

The complex relative permittivity of the Earth is

(- */e.) = e, - ja/l((Oo) (5)

From equation (3) and Maxwell's curl equations, the total electric field intensity above
the Earth in the vicinity of the origin is

E-x = -jklop exp(-jkr) exp(jkx sin 0) cos 0

•[ xp(jCz cos 6) -91 exp(-jkz cos 0)] (6)

Ey =0 (7)

-, -jknop exp(-jkr) exp(jia sin 0) cos 9
4xr

•[exp(jkz cos 0)+ 91 exp(-jkz cos 9)] (8)

Carson's reciprocity theorem states that

f P -E dI = f (J.- E'- M. -H) d (9)

where E is the total far zone field at (r, 6, 0).

2-5
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On the right-hand side of this equation, J and M denote surface-current densities on the I
perfectly conducting monopole/disk antenna and the integration extends over the surface of

the monopole/disk antenna. On the left side the integration extends over the infinitesimal test 3
dipole and is readily evaluated to be pEo (r, 0, 0), so the reciprocity theorem reduces to

Eo(r,0, )=(l p) ff(J.Et-M.H)ds (10)

where p is the dipole moment.

The magnetic-frill current M is given. Upon completion of the moment-method analysis,

the electric current density J is known on the vertical wire monopole and the horizontal

conducting disk. The test dipole fields are given above, so equation (10) contains no

unknown quantities. Thus, evaluation of the far-zone field E9 (r, 0, 0) of the monopole/disk

antenna is now simply a matter of performing the integrations in equation (10). If we start

with a 0-oriented test dipole, a similar analysis shows that the resulting far-zone 0 I
component of the monopole/disk antenna is E0 (r, 6, 4') = 0.

2.2. THE FIELD FROM THE MONOPOLE ELEMENT 3
In far-zone field calculations for the vertical wire monopole, the tubular surface current

density J can be replaced with a filamentary line source l(z) on the z axis. From equations 3
(8) and (10), the far-zone field from the vertical wire is given by

I

Ew (r, 0, )= jkTio exp(-jkr)sin 0 3
4xr

rZ +h
oJ J(z)[exp(jkz cos 0) + 9t etp(-jkz cos 0)] dz (11)

2-6 3
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The vertical wire monopole is divided into L segments with lengthd' = L/h. A typical

segment (segment 1) extends from z to on the z-axis, with the following current

distribution:

It(z) = (12)
sin kd'

The current entering the segment at the bottom is I2 = (1), and the current leaving the

segment at the top is 4" = l(zt).

From equations (11) and (12), the far-zone field of the wire monopole is given by

L
Ew (r, 0, ) = C 1 {exp(jkz' cos 0) - A exp(jkzf cos e)

t#=1

+9t [exp(-jkz' cos 0) - Baep(-jkzf cos e)]1

1=1

+91 [exp(jkizf Cos 0) - A exp(-jkz2 cos 0)1(13)

where

A =cos (kd) + j cos Osin (kd) (14)

B = cos(kd) - i cos 0 sin (kd) (15)

2-7
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C Alo exp(-jkr) (16)

4; r sin(kd) sin 03

On the lowest wire segment (t = 1), the current at the bottom is 11 = I,. On the highest

segment (I = L) the endpoint currents are If = IN and I' = 0, where N denotes the number

of equations and the number of unknowns in the moment-method solution for the 1
monopole/disk antenna. I
2.3 THE FIELD FROM THE DISK GROUND PLANE

The electric current density Jp(p) on the perfectly conducting circular disk is radially

directed and independent of the azimuthal angle 0. The disk lies in the plane z = zo. If

(-', 0', zo) denotes the cylindrical coordinates of a source point on the disk, the far-zone disk

field is obtained from equations (6), (7), and (10) as follows: I
Ed(r. O) -jkl7 exp(-jkr) cos [exp(jkzo cos 0) - 9t exp(-jkzo cos (17)

4Ir (

bf fJ , (gp') )cos " exp(Jkp' cos 0 " sin 9)p'd4 "dp'

(18) I
Since the disk current density J. is independent of 0', one integration can be evaluated as

follows: 3

fcos exp(fix cos ) do = 2 rj J, (x) (19) I

I
2-8 3

U



where Jl (x) denotes the Bessel function. Beginning at this point, it is convenient to let p

(instead of p') denote the radial coordinate of a source point on the disk. From equations

(17) and (19), the far-zone field of the circular disk is

E = 0.5 k?10 [exp(-jkr)/r] cos 0

.[exp kz. Cos 6)- 91 eXP(-jkzO Cos e)] pJ(p) J(kp sinO)dp (20)

The perfectly conducting circular disk is divided into M concentric annual zones. A

typical zone (zone m) has an inner radiuspr 1, an outer radius pT, and a width

d = pT - pr = (a - b)/M. Let I, denote the electric current entering the zone at p7, and

12' the current leaving at p . Then the electric surface current density on this zone is

j ()=11' sin k(p7T - p) + 12' sin k(p - Pr),(1
2 rp sin kd

From equations (20) and (21), the far-zone field of the circular disk is given by

E9 (r, 0,,0 )= 172 exp(-jkr)Cos 0[exp(jkzo cos 0)- 9t exp(-jkz. cos 0)]4 xr sin(kd)

.1 V2 [11m sin k(p2 7 p) + 12 sin k(p - prm)] J, (kp sin 6) d(kp) (22)

On the first zone (m = 1), the endpoint currents are I" = -11 and 12 = 12. On the last zone

(m = M), the endpoint currents are Il = IM and I' = 0. Numerical integration techniques

are required in evaluating this expression.

2-9
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2.4 THE FIELD FROM THE MAGNETIC FRILL 3
The perfectly conducting circular disk and the coaxial-fed monopole are replaced (via 3

Schelkunoffs equivalence principle) with equivalent electric and magnetic surface currents

radiating in free space over the flat Earth. The equivalent magnetic surface-current density,

derived in section 2.4 of reference 12, is given by:

M0 = / n(bi/b)], b5p b, (23)
0, p elsewhere

This "magnetic frill," located at z = zo, is centered on the z-axis and has inner and outer radii 3
of b and bl, respectively. The antenna is considered to be transmitting, with a voltage

generator (of V peak volts) at the terminals and the coaxial outer conductor at zero potential. 5
The free-space field of the magnetic frill is analyzed by Tsai [14,15]. From equations (3) and

(10), the far-zone field of the frill is given by 5
Eem(r,6) 0 = jk ex(jr [ exp( jkz, cos 6) + 9t exp(-jkz,, cos 0)]

47r rI

* ' " M(p)cos)"exp(jkp'cos 0"sin6)p'd4"dp (24) 3
Since the magnetic current density is independent of 0', one integration can be performed 3
with the aid of equations (19) and (23) to obtain 3

4=-kV exp(-jkr) [exp(jkz

Ee-2 n~ /)cos 0)+9t exp-jkzcos 0) -* J, 4(kp sin 0) dp (25)

I
I
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The final integration is performed as follows:

J J, (Ox) dx = -J. Px/3 (26)

Thus, the field of the magnetic frill is given by

E Vexp(-jkr) [exp(jkzo cos 0) + 9R exp(-jkz cos )]
2r tn(b I1b)

• [Jo(kb sine)- Jo(kasinO)]/sin0 (27)

This expression can be simplified with the following:

Jo(X) = l -x 2/4, x << 1 (28)

From equations (27) and (28), the far-zone field of the magnetic frill is given by

) k2V(b2 -b?)exp(-jkr)
8r tn(b I/b)

•[exp(jkzo cos 0) + 9t exp(-jkzo cos 0)] sin0, kb << 1 (29)

2.5 THE TOTAL FAR-ZONE FIELD

The total far-zone field Es(r,0, ) defined by equation (10) in the free-space region is the

sum of the fields from the monopole element, the disk ground plane, and the magnetic frill.

Accordingly, the total far-zone field in the free-space(air) region is given by

2-11
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E(r,, )=EO(r,0 ) = Ee(r,0)+ Ed(r,0)+ EM (r,0) (30) 1
where E', E9, EM are given by equations (13), (22), and (29), respectively. The fields E9, I
E ', E4d, and EM are uniform with azimuthal angle 0 because of the azimuthal symmetry of

the antenna geometry in figure 1.

Consider now the cases where the Earth medium either is lossy (a > 0) or is free space I
(a = 0, £r = 1). The total far-zone radiated power Pr is given by I

x/12

(1r~ 0 )/ JIEg(r, Of2r 2 sin 0 dO, a > (3)0

P, =' (31)

(707f/ J IEe(r,19)12r2 sin0 do, a = 0

where Eo(r,O) = the far-zone field (in the free-space region) given by equation (30). 3

7i0 = (gol/t of 2 = free space wave impedance (ohms) 3
For the case of a > 0, the integrand in equation (31) is integrated over only the hemisphere

above the Earth because the field in lossy Earth, relative to that in free space, approaches zero

at large radial distances r. 3
The antenna directivity d(O) expressed as a numeric is given by 3

d(O)= 2xr 2 EO(r,O)I(ioP,) (32) 1
I
I

2-12 1
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The antenna directivity D(O), expressed in decibels, is given by

D(O) = lOlogod(O) (dB) (33)

The input power P. to the monopole element is given by

P,, = (1/2) Re[V(O)I * (0)] (34)

where V(O) = Peak input voltage (volts). The input voltage V(O) is usually set equal to

I volt in the moment-method analysis.

1*(0) = Conjugate of the peak input current 1(0) at the base of the monopole

element. This current is solved for by the moment-method analysis in

reference 1.

The input impedance Zi is given by

z. = Ru + j X, = V(0)/1(0) (35)

where Rim and X. are the input resistance and reactance, respectively.

The antenna radiation resistance Rad is defined as

Rrad = 2P/1(o)12  (36)

The antenna radiation efficiency 71 is defined as

7= P/Pr = 1 + (RRi/.)f1  (37)

2-13



I

For the case of free-space (o" = 0, £r =1), the radiation efficiency is equal to unity because I
the monopole element and the disk ground plane conductivities are assumed to be infinite.

I
U
I
I
I
I
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SECTION 3

NUMERICAL RESULTS

Numerical evaluation of the far-zone field, directivity, radiation resistance, and radiation
efficiency is executed by Richmond's computer program RICHMOND4 written in
FORTRAN 77, with double precision for use on a DEC VAX computer. The program

RICHMOND4 uses subroutines from Richmond's computer program RICHMOND3 that
determines the current distributions on the monopole element and disk ground plane, as well
as the input current I(Zo) and input impedance Z = VI(zo). Brief descriptions, listings, and

sample outputs by Richmond of programs RICHMOND3 and RICHMOND4 are given in
appendices A and B, respectively. Programs RICHMOND3 and RICHMOND4 are
extensions of programs RICHMD1 and RICHMD2, respectively, described in reference 12
for a monopole element on a disk ground plane in free space.

Examples of numerical results are presented here for a thin, quarter-wave monopole

element on a small to moderately large disk ground plane resting on medium dry ground at

15 MHz in the high-frequency band (b/A = 10- 6 , h/A = 0.25, 2ra/A = 0 to 8 wavenumbers,
Zo = 0, Er = 15, a= 0.001 S/m, tan8 = 60kcr/er = 0.08). More extensive results, in the form

of an atlas of computer plots, are presented in reference 21 as a function of Earth
classification. The coaxial line feed (bj/b = 3.5) has a negligible effect on the far-zone field

and input current because its equivalent magnetic frill of outer diameter 2b1/A (= 7 x 10-6

wavelengths) has a radiation resistance that is small compared to that of the monopole
element of length h/A (= 0.25 wavelengths). In the numerical results, the monopole element
was divided into four segments. The disk was segmented into equal-width annular zones,

whose numbers varied from seven for ka = 0.025, 0.25, 0.50; 16 for ka = 0.75 through 5.25;

17 for ka = 5.5; 18 for ka = 5.75 and 6.00; 19 for ka = 6.25; 20 for ka = 6.5; 21 for ka = 6.75,

7.0; 22 for ka = 7.25; 23 for ka = 7.50; and 24 for ka = 7.75 and 8.0. Results are compared
with those for a perfect ground plane (er = 1.0, cr = o) and for an Earth permittivity equal to

that of free space (er = 1.0, a = 0). The results for perfect ground, medium dry ground, and

free space are identified in the following figures as Case 1, Case 5, and Case 11, respectively.

3-1



I
U

The elevation numeric directivity patterns for disk radii 2;ra/;a = 0.025, 3.0, 4.0, 5.0, and 3
6.5 wavenumbers are shown as polar plots on the same linear scale in figures 2 through 6,

respectively. In the presence of Earth (Case 5), the directivity patterns are approximately 3
independent of disk radius. The Earth softens the edge of the ground plane and minimizes

changes in directive gain resulting from ground plane edge diffraction. The peak directivity 3
(see figure 7) is within 0.5 dBi of that for a perfect ground plane. The direction of peak

directivity (see figure 8) is approximately 300 above the horizon with variations of less than

40 for ground plane radii 0 < 2zra/L < 8 wavenumbers. The directivity at angles of incidence

near the horizon (see figures 9 through 13) for 0:< 2a/A 8 wavenumbers has no

improvement over that with no ground plane at all and, in fact, decreases periodically with

increasing disk radius by as much as 1 dB. The directivity at angles of incidence of 820, 840,

860, 88 ° , and 900 are approximately 4 dB, 5 dB, 7 dB, 13 dB, and o dB, respectively, below 3
the peak directivity for these disk radii.

The directivity on the horizon (see figure 13) is --c dB because of the space wave
multipath null for Earth surface reflection at a grazing angle of 00. In actuality, the field on

the radio horizon is not zero because of the leaky evanescent surface wave that is generated

in the air medium in proximity to the air-Earth interface [ 13]. The surface wave has an

evanescent field in the air-medium only, but leaks energy into the Earth medium, not into the 3
air medium. The amplitude of the space wave in the direction of peak directivity approaches

zero with increasing distance into the far-zone. 3
The theoretical numeric directive gain of electrically short monopole elements on ground 3

planes resting on lossy Earth may be approximated by an expression of the form [13]

I
d,(O)=Acos'Osin'0; 0<O<_ r/2 rad, m>0, n>1 (37)

t 0, -7r/2:5 0 < 0 rad I

I
I
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The exponents m and n are chosen to yield a peak directivity in a desired direction, and a null

at 0 = 0 and x/2 radians. The coefficient A is chosen to satisfy the condition

2x x/2
(1/4x) f f d,(O)sin 0do Il

0 0

Accordingly,

/ 12

A=2/ jcosmOsinn+l 0 dO

The directivity of equation (37) has a null in the direction of zenith, and the horizon has a

peak directivity comparable to that for a perfect ground plane.

An analytical expression that approximates the directivity obtained by numerical methods

for medium dry ground and 2ixaA = 3 (see figure 14) is given by

dI,()lOcos~sin3 ; 0 5 r / < 2 rad (38)

r0, -x/2S5 0 < 0 rad

In the absence of Earth (Case 11), the directivity patterns (see figures 2 through 6) are

strong functions of the disk radius because ground-plane edge diffraction is more

pronounced. The peak directivity (see figure 7) varies from approximately 2 dBi to 5 dBi.

The angle of incidence of peak directivity (see figure 8) varies from 0* to 320. The large

changes in angle of peak directivity at 2ira/ = 5.5 wavenumbers do not represent significant

changes in peak directivity because of the broad 3-dB beamwidth of the directivity pattern.

The jump in angle of peak directivity between 2,a/, = 5.5 and 5.75 wavenumbers

corresponds to a change in beamshape (compare figures 5 and 6). The directivity on the

horizon (see figure 13) varies from 1.88 dBi for 2ra/A = 0 wavenumbers to the asymptotic

value of -0.88 dBi for large disk ground planes of finite radius.
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I The radiation resistance (see figure 15) increases aperiodically with increasing disk

radius. The aperiodicity is more apparent in the absence of Earth because ground-plane edge

diffraction is more pronounced. The radiation efficiency (see figure 16) increases

monotonically with increasing disk radius in the presence of Earth: from 0.21 for 2XaA = 0,

to 0.69 for 2=,aA = 8, and to 1.0 for 2ga/X = -c. In the absence of Earth, the radiation

efficiency is equal to unity because the monopole element and disk are assumed to be of

infinite conductivity. The reason why the radiation efficiency is so small for small disk

ground planes in close proximity to Earth, regardless of whether the Earth is lossy (; > 0) or

is a pure dielectric (a= 0), is because most of the available input energy is directed into the

Earth by the leaky evanescent surface wave generated by the spherical wave source (the

monopole element) in the air medium in proximity to the air-Earth interface [13].

Richmond's method-of-moments model, in solving for the input current l(zo) indirectly,

includes the su rface wave and its affect on the far-zone radiation resistance and radiation

efficiency. Although this paper is restricted to the calculation of the far-zone field above the
Earth, Richmond's moment method analysis for the element and disk current distributions can

also be used to calculate the near-zone field including that of the surface wave. This latter

effort has not yet been undertaken.
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SECTION 4

VALIDATION OF NUMERICAL RESULTS

Several approaches have been used in validating the numerical results from the programs
RICHMOND3 and RICHMOND4. These approaches include validation by comparison with
results from the limiting case of disk ground planes in free space; the limiting case of ground
planes of zero extent in proximity to Earth; the limiting case of a perfect ground plane of

infinite extent; Wait-Surtees model for input impedance; Wait-Walters model for gain; and

the Numerical Electromagnetics Code (NEC) for radiation efficiency.

4.1 LIMITING CASE OF DISK GROUND PLANES IN FREE SPACE

In the limiting case of disk ground planes in free space, numerical results from programs

RICHMOND3 and RICHMOND4 agree with results from programs RICHMD1
and RICHMD2. The method-of-moments programs RICHMD1 and RICHMD2, for a
monopole element on a disk ground plane in free space, have received extensive validation

[ 12]. In reference 12, numerical results for electrically thin monopole elements were
compared with results from Brillouin-Stratton induced electromotive force (EMF) method for

ground planes of zero extent; Bardeen's integral equation method for ground-plane radii
0 < ka < 2.75 wavenumbers; Leitner-Spence method of oblate spheroidal wave functions for

ground plane radii 3.0 < ka < 6.5 wavenumbers; Awadalla-McClean moment method
combined with the geometric theory of diffraction for ground-plane radii 8.5 <ka < -

wavenumbers; and the method of images for ka = -. Consistent and excellent agreements of
results were achieved by the RICHMDI and RICHMD 2 programs.

4.2 LIMITING CASE OF GROUND PLANES OF ZERO EXTENT

In the limiting case of ground planes of zero extent in proximity to Earth, program

RICHMOND4 results for the directivity of a quarter-wave monopole element with a disk
ground plane of radius ka = 0.025 wavenumber resting on medium dry Earth (see Case 5 of
figure 2) were compared with results for ka = 0 from a Fresnel reflection model (MITRE

4-1
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Program MODIFIED IMAGES) and Lawrence Livermore Laboratory's method-of-moments 3
program NEC-3 using the Sommerfeld option. Programs RICHMOND4, MODIFIED

IMAGES, and NEC-3 gave identical directivity patterns with absolute values of directivity

that agreed to within 0.04 dBi. The reason for the close agreement is that th,; directivity

does not depend upon the absolute accuracy of the antenna input current. I

Radiation resistance and radiation efficiency do depend upon the absolute accuracy of the

antenna input current. RICHMOND4 results of radiation resistance and radiation efficiency,

for the above case and various types of Earth, are compared in table 1 with results from

NEC-3 (but not MODIFIED IMAGES because the omission of the surface wave in the I
Fresnel coefficient model affects the radiation efficiency and radiation resistance, but not

directivity). The results differ by approximately 10% for radiation resistance and by more 3
than 25% for radiation efficiency. These differences are attributable to the difference in

charge density at the base of the monopole element by a factor of 4000 resulting from the

different configurations of the two models [16]. In NEC-3, the current produced by the

charge distribution is discharged into the Earth through an element of radius 10-6

wavelengths, whereas in RICHMOND4 the current is discharged into the Earth through a

ground plane of radius 4 x 10-3 wavelengths. The NEC-3 results for the radiation efficiency

of a quarter-wave monopole element is augmented by a 128-radial-wire ground plane of

radius 0.01 wavelengths (see section 4.6). An increase in the number of monopole segments

from 4 to 20 in RICHMOND4 has no significant effect in modifying the table 7 results for I
radiation efficiency.

4.3 LIMITING CASE OF A GROUND PLANE OF INFINITE EXTENT !

In the limiting case of a perfect ground plane of infinite extent, the monopole element of I
length h may be modeled by the method-of-images as a free-space dipole of half-length h, but

with twice the dipole input current, one-half the dipole impedance, twice the dipole

directivity in the upper hemisphere, and zero times the dipole directivity in the lower

hemisphere. Richmond has written a program, RICHMD6, that uses a sinusoidal-Galerkin

method of moments to compute the input impedance, current distribution, and far-zone field

I
4-2
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Table 1. Radiation Resistance and Efficiency of a Vertical, Quarter-Wave,

Monopole Element on Flat Earth; f = 15 MHz, bA. = 1.0 x 10-6

Earth Radiation Resistance (Ohms) Radiation Efficiency (Numeric)

Classification O"Perceni ***Percent
(er, 0 S/M) *NEC-3 *ORICHMD4 Difference *NEC-3 **RICHMD4 Difference

sea wae 34.0 29.5 15.0 0.823 0.799 29.4
(70, 5)

Fresh watr
(80, 3.0 x 10-2) 19.1 17.3 10,4 0.273 0.347 34.3

Wet gwnd(30, 1.0 x 10-2) 14.5 13.2 10.3 0.144 0.229 36.9

Medium dry
gmund 11.5 10.5 10.3 0.163 0.210 22.2

(15, 1.0 x 10- 3 )

Veydrymund

(3, 1.0 x 10-4 ) 6.2 5.7 9.6 0.091 0.145 37.6

Pure water, 200C 1
(80, 1.7 x 10- 3 )  19.1 17.3 9.4 0.375 0.378 0.8

Ice(-1C)
(3, 9.0 x 10-5) 6.2 5.7 9.6 0.091 0.148 38.8

Ice (-100 C)
(3, 2.7 x 10-5 ) 6.2 5.7 9.5 0.136 0.171 20.8

Aveage land(10, 5.0 10-3) 9.9 9.0 10.3 0.044 0.105 58.3

* Number of element segments, N = 25; voltage source excitation at N = 1
** Disk ground plane radius, 2xaA = 0.025 wavenumbers
* KNEC-3 - RICHMD4)/ RICHMD41 x 100
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of the equivalent free-space dipole. A listing of program RICHMD6 is given in appendix C. I
Numerical results for input impedance are in reasonable agreement with those from King-

Middleton theory [ 171. For example, for hA = 0.25 (corresponding to kh = Yr/2) and 3
h/b = 16.56 (corresponding to £1 = 7), RICHMD6 results for the monopole input impedance
are Z = 46.52 +j 15.97 ohms which differ from the King-Middleton results ofZin = 47.85 +

j 18.50 ohms by 2.8 and 13.7% for input resistance and input reactance, respectively.

RICHMD6 results for directivity are almost identical to the well-known results for a thin,

quarter-wave monopole on a perfect ground plane [121.

I
4.4 COMPARISON WITH WAIT-SURTEES MODEL FOR INPUT IMPEDANCE

Program RICHMOND4 results for the input impedance of a monopole element with a I
disk ground plane resting on flat Earth have been compared by Richmond [1 ] with those

obtained from a Wait-Surtees model [18]. In reference 1, the Wait-Surtees results for input

reactance are inadvertently given for a disk ground plane in free space rather than for a disk

ground plane on flat Earth. RICHMOND4 results for input resistance and input reactance 3
are compared in figures 17 and 18, respectively, with those obtained from a program WAIT-

SURTEES written by Richmond and based on the Wait-Surtees model. Program WAIT- 3
SURTEES, described in Appendix D, incorporates results from program RICHMD6 for the

input impedance of a monopole element on a perfect ground plane. The RICHMOND4

results are in close agreement with WAIT-SURTEES results, except at small ground-plane

radii less than approximately ka = 1.0 wavenumber for which the Wait-Surtees model is not

accurate. Richmond [101 has compared RICHMDI results with WAIT-SURTEES results for I
the input impedance of a monopole element on a disk ground plane in free space and

obtained similar agreement as above, but for ground-plane radii greater than approximately I
ka = 2.0 wavenumbers. The RICHMOND4 results in figure 18 for input reactance should not

have a local minimum at ka= 0.75. A nonconvergent result was obtained at ka = 0.75 3
because of over-segmentation of the disk when the number of disk annular zones was

abruptly increased from seven at ka = 0.5 to sixteen at ka = 0.75. 3

4
4-4 I
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4.5 COMPARISON WITH WAIT-WALTERS MODEL FOR GAIN

Numerical results of directivity and radiation efficiency from Richmond's method-of-

moments program RICHMOND4 cannot be validated against models based on Monteath's

compensation theorem [5-8,19] or Sommerfeld's attenuation function [9] because those

models yield only the gain (the product of directivity and radiation efficiency) rather than

directivity and radiation efficiency as separate entities. Nevertheless, it is of interest to

compare RICHMOND4 results for gain with those from the Wait-Walters model [6,7,8,19]

based on Monteath's compensation theorem.

First consider the Wait-Walters model. The gain G (ka, Vi) - G (0, Vf ) (dB) of an

electrically short monopole element on a disk ground plane with radius ka wavenumbers

relative to that without a disk ground plane (ka = 0) is shown in figure 2 of reference 8 and in

figure 23.26 of reference 19 for ka = 10, e, = 9, and a = 0. The Wait-Walters model of

reference 8 computes the magnetic field intensity H (1a, yt) with a disk ground plane as a

function of the grazing angle V (the complement of the angle of incidence 0) relative to that

with no ground plane. At a grazing angle V/ = 20, the Wait-Walters model gives a relative

gain of G(10, 2) - G (0, 2) = 4.5 dB

Now consider the Richmond model. Program RICHMOND4 results for a quarter-wave

monopole element on a disk ground plane of radius ka = 8 wavenumbers on medium dry

ground (Er = 15.0, a = 0.001 S/m) gives a directivity at a grazing angle V = 2° , of D(8, 2)

= -8.6 dBi (see figure 12) and a radiation efficiency 17 = 0.69 = -1.6 dB (see figure 16). The

gain G (8, 2) = -8.6 dBi -1.6 dB = -10.2 dB; for ka = 0 and V = 20, D(0,2) = -7.9 dBi (see

figure 12) and the radiation efficiency 77 = 0.21 = -6.8 dB (see figure 16). The gain G(0,2) =

-7.9 dBi - 6.8 dBi = -14.7 dBi. The relative gain G (8,2) - G(0,2) = -10.2 dBi + 14.7 dBi =

4.5 dB.

The RICHMOND4 and Wait-Walters results of 4.5 dB for relative gain are identical for

these similar cases.

4-7
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4.6 COMPARISON WITH NEC FOR RADIATION EFFICIENCY

Numerical results of radiation efficiency obtained from programs RICHMOND4, NEC-3,

and NEC-GS are compared in figure 19 for the radiation efficiency of a quarter-wave

monopole element with small ground planes on or just above medium dry Earth as a function

of the ground-plane radius. RICHMOND4 results are for disk ground planes (see figure 16). 1
NEC-3 results are for a ground plane of zero extent (see table 1). NEC-GS results are for

radial-wire ground planes whose wires have a radius b, = 10-5 wavelengths [16,201. The 3
results for disk ground planes are in close agreement with those for ground planes with 128

radial wires. 3
I
I

I
I
I

I

I
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SECTION 5

CONCLUSIONS

Richmond's moment-method results, for the current distribution and input impedance of a
monopole element on a disk ground plane above flat Earth, are used to obtain the far-zone

field, directivity pattern, radiation resistance, and radiation efficiency. This model for a disk
ground plane complements the NEC method-of-moments model of Burke, et al. for a radial-

wire ground plane.

Method-of-moments models, unlike models based on Sommerfeld's attenuation function
or variational models based on Monteath's compensation theorem, determine the directivity

and radiation efficiency as separate entities rather than lumping them together as a product to

yield the antenna gain. Other advantages of the method-of-moments models are more exact

determination of current distributions; applicability to electrically small ground planes; direct

determination of ground-plane edge diffraction; and avoidance of analytical restrictions on
evaluating Sommerfeld's integral. The segmentation of ground planes in method-of-moments

models restricts the models to ground planes that are sufficiently small so that computer

computational capacity and precision are not exceeded.

The far-zone field in the free-space (air) region is determined as the sum of direct and
indirect (reflected from the Earth) fields from the monopole element, disk ground plane, and

the magnetic frill of the coaxial-line feed excitation. The far-zone direct fields from the

monopole element and disk ground plane are determined from the method-of-moments

solution for their current distributions. The far-zone indirect fields are determined using the

plane-wave Fresnel reflection coefficient. The significant contribution of the surface wave to
the far-zone field at or near the air-Earth interface is not considered, but is small compared to

the far-zone field in the direction of peak directivity. However, the significant effect of the

surface-wave in determining input current and radiation efficiency are included in the present

analysis.
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Examples of numerical results are presented for the directivity pattern, peak directivity, I
radiation resistance, and radiation efficiency of a thin, quarter-wave monop '.v, cement on

small to moderately large disk ground planes (of radius 0 to 8 wavenumbers) resting on 3
medium dry Earth. Results are compared with these for a ground plane of infinite extent and

for ground planes in free space. In the presence of Earth, the directivILy patterns are I
approximately independent of disk radius for ground-plane radii at least as large as eight

wavenumbers. The peak directivity is within 0.5 dBi of that for a perfect ground plane. The

direction of peak directivity is approximately 300 above the horizon. The directivity at

angles of incidence of 82', 840, 860, 880, and 900 are approximately 4 dB, 5 dB, 7 dB, 13 dB,

and -c dB, respectively, below the peak directivity. The numeric directivity is given

approximately by the empirical expression 10 cos 0 sin 3 0 in the hemisphere above the Earth

and by zero in the hemisphere below the Earth. The radiation efficiency increases 3
monotonically with increasing disk radius in the presence of Earth: from 0.21 for a ground

plane of zero extent to 0.69 for a ground-plane radius of eight wavenumbers. I

Numerical results from Richmond's method-of-moments computer programs

RICHMOND3 and RICHMOND4 for a monopole element with a disk ground plane above

flat Earth are in good agreement with results known from other models in the limiting cases

of disk ground planes in free space, disk ground planes of zero extent in proximity to Earth,

and a perfect ground plane. RICHMOND3 results for input impedance are in good

agreement with results from a Wait-Surtees variational model, except for ground-plane radii I
less than approximately one wavenumber for which the Wait-Surtees model is not accurate.

A RICHMOND4 result for antenna gain is in agreement with a result from a Wait-Walters I
variational model. RICHMOND4 results of radiation efficiency are in close agreement with

NEC-GS method-of-moment results for ground planes with a large number of radial wires. I

I

I
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APPENDIX A

COMPUTER PROGRAM RICHMOND3 FOR THE INPUT IMPEDANCE AND
CURRENT DISTRIBUTION OF A MONOPOLE ELEMENT ON A DISK GROUND

PLANE ABOVE FLAT EARTH
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COMPUTER PROGRAM RICHMOND3
MONOPOLE ANTENNA ON CIRCULAR DISK OVER FLAT

EARTH
(Current Distribution and Impedance)

by
Jack H. Richmond
January 29, 1990

INTRODUCTION'
Appendix I presents the computer program RICHMOND3 together with

all the necessary subroutines. This FORTRAN program calculates the
current distribution and impedance of a monopole antenna mounted at the
center of a circular disk over the flat lossy earth.

See: [J. H. Richmond, "Monopole Antenna on Circular Disk Over Flat
Earth," IEEE Transactions, Vol. AP-33, pp. 633-637, June 1985.]I Comment statements have been inserted in the main program and the
subroutines to assist the user. Only a few brief comments will be required
in this Introduction.

RICHMOND3 performs all calculations with double precision. The the-
oretical basis for this program is presented in the above published paper,
and the notation in the program corresponds with the notation in the pa-
per with one exception. The outer radius of the disk is denoted by b in the
program and by c in the paper.

I In Appendix I, Table I presents the antenna impedance as calculated
with RICHMOND3 on a VAX computer for the following disk radii: BL
= 0.1, 0.2, 0.3 and 0.4. The antenna impedance (in free space and on a
lossy flat earth) agree closely with the original calculations obtained on
a DATACRAFT computer in May 1979. Table II presents the current
distributions on the monopole and the disk (in free space and on a lossy

1Appreciation is expressed to The MITRE Corporation for sponsoring this report.

The computer program RICHMOND3 was developed (in single precision) in 1979 with
other sponsorship.
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flat earth) with BL = 0.1. These results also agree closely with the original
calculations of May 1979.

Table III presents the antenna impedance (in free space and on a fiat I
earth) as calculated with a VAX with single precision. Comparison with
Table I indicates that the need for double precision is marginal for this case.

In the original program, subroutine CROUT was employed to solve
the simultaneous linear equations. In RICHMOND3, CROUT is replaced
with CMINV which employs full pivoting (on rows and columns) whereas 3
CROUT does not pivot. On the other hand CMINV is presumably slower
(in solving large matrix equations) because it inverts the matrix, whereas 3
CROUT solves the equations without inverting.

The current distribution will be printed from CMINV if IWCJ = 1, but
the printout will be suppressed if IWCJ = 0.

Diagnostic data will be printed from several subroutines if IWZ = 1.
This printout is suppressed if IWZ = 0.

The integer NPH controls the numerical integrations in several subrou- I
tines. NPH determines the number of times the integrand is to be sampled
with Simpson's rule. The value NPH = 6 usually gives a suitable com-
promise between accuracy and computational expense. A larger value will I
increase the expense, and it may improve the accuracy in some cases.

TL denotes the thickness of the circular disk, measured in free-space
wavelengths. To promote convergence of the moment method (as NEQ is
increased), the value TL = AL/100 is recommended regardless of the true
thickness of the metallic circular disk. This result is rather unexpected, and
the interpretation is not totally understood. Of course, it is assumed that
the disk thickness TL (as well as the monopole wire radius AL) is much
smaller than the wavelength.

AI
U
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Akppendix I. RICHUCIND3 Program Listing

C1
C RICDEOND3
C MONOPOLE AT CENTER Or CIRCULAR DISK OVER FLAT EARTH. RI0540D.1
C DOUBLE PRECISION.
C CURRENT DISTRIBUTION AND IMPEDANICE.
C SE: RICHMOND, IMONOPOLE ANTENNA ON CIRCULAR DISK OVER FLAT EARTH",
C IEEE TRANS., VOL. AP-33, PP. 633-631, JUNE 1985.
C LINK: 5E510,CISI,CINV,DZ11,DZoD.DHD,DZWW,mXJ,GRLL,
C ODD, QDH, SX RE, SKEWS, SKEIT, SPART, 55DM, ZSHM

IMPLICIT RZAL-8 (A-H), (P-Z)
COMPLBX*16 CJ(30),VJ(30),ZJ(30),VI.J(30,30),ZIJ(30,3O)
COMPLEX*16 Y11,DET,EC,Dll,D12,D21,022,DZIJ,DV1,Wll
COMPLEX*16 Pll,Pl2,P21,P22,ZDD,ZDM,U4D,zNM,Zll,ZD,Z22,Z12,Z21
DIMENSION FB(500) ,LLL(30) ,300(30)
DATA, 30,UOIB.85418533677Z-12, 1.25663706144z-6/
DATA ZTA,P1,TP/376.730366239,3.14159265359, 6.28318530718/
DATA ICC, ITB/30, SOO/

1 FOPMTCX,2I5,7E15.4)
2 FORk&T(1X,7F17.S)
5 FORMAT (IH0)

C AL - RADIUS OF WIRE IN WAVELENGTHS.
c HL wLENGTH OF MONOPOLE IN WAVELENGTHS.
C INC - FREQUENCY IN MEGAHERTZ.
c BAR - RADIUS RATIO FOR COAXIAL FEE CABLE.
C 3L - RADIUS OF CIRCULAR DISK IN WAVELENGTHS.- EPSLN/TP.
c NSD -NUMBER OrSEGMENTS ON THE DISK.
C NSW - NUMBER OF SEGMENTS ON THE WIRE.
C EDL - HtIGHT OF DISK ADOM THE EARTH IN WAVELENGTHS.
C ER - RELATIVE PERM4ITTIVITY OF EARTH.
C SIG - CONDUCTIVITY or EAR.TH, )aIo/m.

C SET IWCJ-1 TO VRITE THE CURRENT DISTRIBUTION CJ(N),
C OR IWCJ=O TO SUPPRESS WRITEOUT OF CJ(N).
C SET HDL - NEGATIVE, FOR MONOPOLE-DISK IN FREE SPACE,
C OR MEL - POS. FOR FREE SPACE + FLAT EARTH.
C SET DTIID - NEGATIVE, TO SKIP THE GAIN CALCULATIONS.
C
C TL . I.D-5 FOR EPSLN GREATER THAN OR EQUAL 0.25,
C - AL.D-4 FOR EPSLN LESS THAN 0.25.

AL,-. 003
BAR-3.
BL-. 1

HDL . 0
EL-. 229
SIG-.001
TL-AL/ 100

NPH-6
NSD-20
WSW-4
NzEQ-NSD+NSv- 1
AKIYPAL
SK-TPHIL
HK-TP*RL

MD-*DL
TK=TP*Th
oISQ-?P'FNC1 .36
UC-DQWI.X (MR, -SIG/ (O~MG'30))
DXD- (UK-)R) /NSD
vcw=HK/xSW
R2-Ai4DMD
I?(182.LT.AR-AR)0O TO 400
TDIW-2 . 'DX
CDXD-0003 (DRD)
8DXD-DSIM (DXD)
UBEDCOS (DEW)
BOX-DSIN (DIX)
wEx-EsI- 1
WAWS$D~i
CALL WEM (AR, DIM, DXW, CDXW, UDID, CDC WE, TK, IWZ, M15, X12)
SIj(l,1)-S11

A-5



2
IF(NSD.LK.1)GO To 100 I!0140N3.2

Si-"K

DO 60 .7-2,1110
3-B 1eDXD

TIONAK
DO 50 1-2,J7
T2-T1+DXDU

CALL QDD(CDXD,SDXD,51,S3,Tl,T3,TK,IWZ,NPE,Z22)
ZIJ(1, J)-Z22

50 T1-T1+DD
CALL 0DM (AK, DXD, DXI, CDKD, SDXD, 5K, 1,53, TX,IWZ,N112,312)

60 S1-S1+DXD

100 Xr(NSW.LZ.1)GO TO 200
CALL SPART (AK, DXD,DXW, )&X,X111, SJ,CJ)

DO 10 I-hZ
DO 150 .-INZQ
K-3-I+1

150 ZIJ(I,)mZJ(K)

ZIJ(1,1)-CJ(L)3
160 CONTINUE
178 ir(11SD.LE.1)GO TO 200

Z2-.0

DO 190 .-NA,NEQ

S1I-Z2-DXWS3-Z2*DXW
R112-AX
DO 180 1-2,1180
ME-A52+DXD
T1-RN2-DXD
T3-RM2+DKD
CALT BSW (AX,S31, S3, TI,T3, CDR, SDR, CD5, DX, 1112, Z12)

190 CONTINUEI
200 CALL GRILL (AX, IA,DXO, DXV,NEQ,NSD,NSV, !X,V7)

DO 210 I-1,NEQ
DO 210 3-I,MZQ

WP.ITE(17,1) 1,J,31.7(1,J)

210 VIJ(I,J)ZIn21(I,3)
MUITE (17, 5)
CALL 0(11W (CJ,V7, 33,XCC, IUC3,,LLL,IUM, 10, DIT)

T11-CJ (1)

13113(17,5)

C FOR UM6OPOLE ON DISK IN 1513 BWAC, SKIP TO BTATUIXT 320.I

CALL 01 ASX 5,DXI,5 K X 7,1 D1
313 (1, 1) ill
II (N0.1..)00 TO 265
82-AK*DXO

T2-MAKDXO
112-1
DO 250 2-2,7
CALL 0300 (AK, DUST, 5, DKW,UC, is,iZM, 2,12,1K

2,173, z2,3Me,D12,D22)
I7(I.0.2)12m012
31.7 (1, J) -D22
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112-2 RIOUIt43.3
250 T2-T2+DXD

ZI3 (1,3J) -P12
260 S2-82+DD
265 iF(usw.LE.l)Go TO 278

DO 276 X-1,KAX
CALL DZWW AXDKD, DXV, C, DX, K, X, Z3,DZIJ)
3-NA+X-1
Z1 (1,3) -DZ13
L-1
DO 270 I-NA,J
Z1 (1,J) -Z3 (L)

270 L-L+1
276 CONTINUE
278 IF(NSD .LE.)GO TO 300

Z2- .0
DO 290 J-NA,NEQ
Z2-Z2+DXW
CALL DZWD (AK, DXD, DIN, C,HDX, NSD, TK,Z2, Z)
DO 280 1-2,NSD

280 Z13(I,3)-ZJ(I)
290 CONTINUE
300 DO 310 I-1,NEQ

DO 309 J-1,NEQ
Z12-V13 (1,J)
D12-ZIJ (1,3J)
WRITE (17,1) I,J,Z12,D12
EI3 (1,3)-Z12+D12

308 CONTINUE
310 CONTINUE

WRITE(17,5)
V3 (1)wV3 (1)+DV1
D0 315 1-1,NEQ
DO 312 3-1,NEQ

312 ZIJ(J,I)-ZIJ(I,J)
315 CONTINUE

CALL O(IMV (CJ,VJ, ZIJ, ICC, IWC3, 1, LLL,30,NEBO, DET)
Y11-C3 (1)
Nil-i ./111
WRIT(6,2) Z11,V11
WRITE (17, 1)NSD,NSN,AL,BL,BDL
MtITE(17,5)
WRITE (17,2) Z11,W11

320 CONTINUE
400 CONTINUE
500 CALL EXIT

END
C
C
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I
TABLE I

DOUBLE PRECISION

ISD w8W AL II P ffD IN L , .II I
10 4 0.003 3. 4. 300 .0 0.229 .001 I

DL ANTZ IA DWDNCE zl A)MO DIWDAJM 211
(in free space) (on flat earth)
R1L lal1 3t1 Zll

0.1 14.8427 -53.6714 29.5665 -32.5406

0.2 17.4560 -21.1708 25.4167 -19.7828 3
0.3 20.5451 -9.0883 23.5883 -9.5982

0.4 26.8578 -1.0801 29.5489 -4.6751 3

I
I
I
I
I
I
I
I
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5
Current Distribution on monopole on TABLE II

Circular Disk in Free Space. DOUBLE PRECISION

I CJ(1) C,.7() CJ(X)
(norm) (mag.) (phase)

1 1.000 0.0178959 74.6
2 0.983 0.0175990 -105.5
3 0.946 0.0169306 -105.9
4 0.908 0.0162422 -106.1
5 0.857 0.0153451 -106.3
6 0.800 0.0143135 -106.4
7 0.729 0.0130419 -106.6
8 0.642 0.0114806 -106.7
9 0.528 0.0094462 -106.8

10 0.395 0.0070747 -106.9
11 0.843 0.0150935 72.6
12 0.648 0.0116011 71.4
13 0.386 0.0069004 70.4

Current Distribution on Monopole on

Circular Disk on Flat garth.

I CJ(l) C,7(1) C7(X)

(norm) (nag.) (phase)

1 1.000 0.0227445 47.7
2 0.987 0.0224556 -132.2
3 0.957 0.0217627 -132.5
4 0.909 0.0206744 -132.6
5 0.845 0.0192282 -132.7
6 0.782 0.0177918 -132.6
7 0.713 0.0162147 -132.1
8 0.616 0.0140152 -131.3
9 0.470 0.0107005 -130.3

10 0.293 0.0066696 -129.4
11 0.880 0.0200169 43.9
12 0.686 0.0155928 42.0
13 0.410 0.0093323 40.4

USD NSW AL SL RDL
10 4 0.30003-02 0.1000N+00 0.00009+00

Antenna Impedance Z11 Antenna Impedance Z1
(in free space) (on flat earth)

I R X
14.04274593 -53.817146810 29.56653347 -32.54060135
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I I I 9 I I

3
I

IU
SINGLE PrCZESION 3

VSD MY5W AL MRA ZR IN U)L EL BIG

10 4 .003 3. 4. 300. .0 0.229 .001 I
DL NTEHN 1aWDm= 511 ANTPNKX z znauZ111

(in free apace) (on flat earth)
xil xii all xii

0.1 14.6184 -53.6642 29.5429 -32.5342

0.2 17.4301 -21.1669 25.3907 -19.7795

0.3 20.5567 -9.0920 23.5997 -9.6021 3
0.4 26.8575 -1.0805 29.5487 -4.6758

I
I
U
I
U
I

I
I

I



C6
C

SUBROUTINE slsO (2,s,s1,xv) BESIO
C B - BESSEL FUNCTION J sub 0 with real argument EL.
C B1 - BESSEL rUNCTION J sub 1 withi real argument XX.
C SET ID - (0, 1, 2) TO CALICUL&TE (i sub o, Jasubi1, or both).

IMPLICIT NEAL'S (k-R) , (P-Z)
B-1.
81-.0
IF(XX.EQ. .0)ETU.M
X-DABS (XX)
IF(X.GT. .01)G0 TO 10
X2-X*X
X4-X2*X2
3 -1.-X2/4.+X4164.
31-x*(1 .-X2/8.)/2.
RETURN

10 DX-X
IFr(X.GE.3.)GO TO 100
C-DX*DX/9.
IF(ID.EQ.1)GO To 20
Z -(((((.210-3'C-.39444D-2)'C4.444479D-1)'C-.3163S66)*C+.1265
16208D+1) 'C-2.2499997) 'C41.
X?(ZD.EQ.0)RETURN 3*Z4339-)C.95294)C

20 N1 -((((((.11090-4'C-.31761D-3'+431D2'.948D)C
1.21093573) 'C- .5624 9965) 'C+.5) 'DX

RETURN
100 D-3./DX

C-I. /DSQRT (DX)
IF (ID.ZQ.1)GO TO 120
ZA-C* ( ( ((( (.14476D-3'D-.72805D-3) *D4. 137237D-2) 'D-. 9512D-4) 'D-

4.5527400-2) 'D-.77D-6)'D4.797884560803)
PA-( ( (((.135560-3*D-.29333D-3) 'D-.54125D-3)*D+.262573D-2) '0-

5. 3954D-4) 'D- .41663970-1) '0-.785398163397+DX
a -E.A'DCOS (FA)
xF (ID .EQ. 0) RETURN

120 EU-C' ((((( (-.20033D-3*D4.113653D-2) 'D-.2495110-2)'D+.17105D-3)'D+
6.16596670-1) 'D+.1560-5)-D+.797884560803)
r3-( ( (((-.29166D-3'04+.79824D-3) 'D,.7434$D-3)'D-.637879D-2) '04

7.56500-4)'0+ .12499612) '0-2. 356194490192+0K
a1 -EB'DCOS (TB)
RETURN
END

C
C
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C71
C

SUBROUTINE CISI(CI,CIN,SI,X) cisi
C CALCULATES CI - COSINE INTEGRAL, AND
C S1 - SINE INTEGRAL WITH ARGUMENT X.IMPLCIT EALS (AR~l P-I

DATA GAI4, 2/ .57721566,2.57079632/
A-DABS (X)
IT(A.GT.4.)GO TO 10
IFr(A. GT. . 1) GO TO 3
IFr(A.GT.0.)GO TO 2I
cI-.O
CIN-.0
81-.0

SIrnX*(C(.03*X2-1.)*X2/18.41.)
CIN-.25*X2*((X2/45.-1.)*X2/24.+l.)
GO TO 8

3 Y- (4. -A) (4. +A)

CY1964882D-2) 'Y+4 .395509D-1)I

CIN- A*A* ( ((((1.386985D-10*Y+1.584996D-U)*Y
C+. .725752D-6) *YeI . 185999D-4) *Y+4 .990920D-3) *T+l. 315308D-1)

S CI-GAM+DLOG (A) -CIN
RETURNI

10 SI-DSIN(A)
Y-DCOS (A)
Z-4. /A
U-C C C( (((4.048069D-3'5-2.2791430-2)*Z+S.5150700-2)*Z-7.261642D-2)

C*Z+4 .987716D-2) *Z-3.332519D-3) -Z-2.314617D-2) *5-1. 1349560-5) '5
C+6 .2500110-2) '5+2.583989D-10
V-C(( ( ( C ( ((-5.108 699D-3*Z42.619179D-2) -Z-6.537283D-2) *Z
C*7 .9020340-2) '5-4. 400416D-2) *Z-7.9455560-3) *Z+2.6012930-2) *5
C-3.764000b-4) -Z-3.12241OD-21 *3-6.6464410-7) -Z+2.50-1
CI-Z' (SIV-Y*U)I
SIin-Z' (SI'U+Y'V) +P2

ITCX.LT. .0)81--SI
CIN-GAM+DLOG (A) -CI
RETURN
ENDU

C
C
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C 8
SUBROUTINE CINV(C,V,Z, 1DM, XWR, 112,L,M,KQ,DET) OINV. I

C CMINV2 INVERTS THE MATRIX Z (I, J) AND SOLVES THE
C SIMULTANEOUS LINEAR EQUATIONS TO DETERMINE C(I).
C V(I) - EXCITATION COLUMN.
C Z(IJ) - IMPEDANCE MATRIX.
C 1DM - DIMENSION OF Z (IDM, 7DM) IN CALLING PROGRAM.
C IWR 1 1 IF SOLUTION IS TO BE PRINTED.
C IWR - 0 IF PRINTOUT IS TO BE SUPPRESSED.
C 112 - 1 ON FIRST CALL, WHERE CMINV MUST INVERT Z.
C 112 - 2 ON LATER CALLS, IF Z(If,) HAS ALREADY BEEN INVERTED.
C L(I), M(1) - WORK ARRAYS.
C NEQ - NUMBER OF SIMULTANEOUS LINEAR EQUATIONS.
C DET - DETERMINANT OF TrE SQUARE MATRIX.

IMPLICIT REAL*S (A-H), (P-Z)
COMPLZX*t6 C(1) ,V(1) ,S
COMPLEX*16 Z (IDM, 1DM) ,BIGZ,ROLD,DET
DIMENSION L(1),M(1)

2 FORMAT (1X, 15,Fo.3,Fl5.7,F0.i)
5 FORMAT(1RO)

N-NEQ
IF(112.NE.1)GO TO 150

C DET-DCPLX(I.DO,0.DO)
DO 80 K-1,N
L (K) -K
M (K) -K
BIGZ-Z (K, K)
DO 20 JmK, N
DO 20 I"R,N

10 IF (CDABS (BIGZ) -CDABS (Z (I, 3) ))15,19,19
15 BIGZZ-(IJ)

L (K) -I
M (K) -J

19 CONTINUE
20 CONTINUE

J-L (K)
IF (J-K) 35,35,25

25 CONTINUE
DO 30 1-1,N
HOLD--Z (X, I)
Z (K,I)-Z (J,I)

30 Z(J,)-HOLD
35 I-M (K)

IF(I-K) 45,45,38
36 CONTINUE

DO 40 J-1,N
EOLD--Z (,K)
Z(J,K)-Z (J,1)

40 Z(J,I)-EOLD
45 CONTINUE

DO 55 I-1,N
IF(I-K)50,55,50

50 Z(I,K)-Z(IK) / (-ZIGZ)
55 CONTINUE

DO 65 X-1,N
DO 65 .-1,N
I7(1-K) 60,64,60

60 IF(J-K)62,64,62
62 (I,J)-Z(I,K)*Z(K,J) Z(I,J)
64 CONTINUE
65 CONTINUE

DO 75 J-1,N
IF (J-K) 70,75,70

70 Z (K, ) -Z (K, J) 1BIGZ
75 CONTINUE

C DET-DZT*BIGZ
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Z(K,K)in1./BIGZ OIMV. 2I
80 CONTINUE

K-N

100 K-K-1

105 I-L(K)
IF (I-K) 120,120,108

108 CONTINUE
Do 110 J-1,N
SO0WZ (J,K)
Z (J,K)--Z(P, 1)

110 z(3,l)EHOLD
120 J-11(K)

IF (3-K) 100, 100, 125
125 CONTINUE

Do 130 1-'1,N
HOWDZ (K, I)
Z(K,I)--Z(JI)

130 Z(J,I)-HOLD
GO TO 100

150 OIX..
Do 220 I-1,NZQ
S-DOIPLX(.ODO, .Ovo)
Do 210 J-1,NZQ3

210 S-S+Z(I,J) 'V(J)
SA-CDABS (S)
IF (SA.GT .0CMX) CXS

220 C(I)S
lF(IWR.LE.O)GO To 2503
WRITE (17,5)
Do 240 I-1,NEQ
S-C (I)
SA-CDABS (S)

PH-.0

IFr(SA.LEZ.0O)GO To 240
PH-n57. 2957 a*DAT)N2 (DI3WG(S) ,DREAL(S))

240 WRITE (17,2) 1, SN, SA, PH
WRITE (17,5)1

250 RETURN END
CI
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SUBROUTINE 0211 (AK, BAR, D1UD, DKM, EC, FE, NOK, TX, IrB, Dll,DVi) DZ11. 1I U ORFETO RMrA E.ARTH.
C ALON1-OETR NVLAELOR MODE 1.

IMPLICIT REAL*8 (A-H), (P-Z)
DIMENSION FE(l)
compLEx*16 rST,G,GAM,RC,EC,EAAZXH,PC,EG1,EG2I COIEPLEX*16 ZDO, EHST,ZND,ERH,EZ~CEZ3,Dll,ZDN,Z)M
COMilLZX* 16 DV , VOD , VW, VHE,VAA
DATA ZTA,PI,TP/376.730366239t3.14159265359,6.28318530

7l8/
BAL-DLOG (BAR)
BK-BAR*AKI 3B2-7iK+DKD
CDK-DCOS (DKW)
SDK-DSIN (DKW)
SDKD-DSIN COKD)
DK1-DKW+TKI SDKI'DSZN (OK1)
CDKl1DCOS (DK1)
XST-DCO3LX ( . 00, -TA/ (4. *PZ*SDKI))
rsT-DCOPLX CDO, -ETA/ (4. *PI*SDKD))I KMX-200
IF (1C. GT. IFS) MIrIF

C NEXT CALCULATE F (BNTA) BY INTEGRATING ACROSS THE DISK.
DO 60 K-1,KMX
DRKPI/10.I BET-DBETt (K-i)
IF (BET. GT.1.) DKDRK/BET
INT- (N2 -AK) /DPK

ORE- (RN2-AX) /INT
F- .0
3X-AK+DRX/2.

C NEXT INTEGRATE ACROSS THE DISK.
DO 50 1-1, INT
BR-BET*RKI CALL RES10 .(DR,330,UJ1,0)
FFr+Bj0*DCOS (RH2 -K)

50 RK-RK+DRK
FE (K) DRE*F

60 CONTINUEI C NEXT CALCULATE D.
ZK-EDK+TK
Zi-BOK
Z2-NOK+TK+DKW

ERD-DCPLX (.000, .000)

VDD-DCHPLX (.000, .000)
C NEXT INTEGRATE ON BETA.

Do 80 Kin1,IOC
3ET-DBZT* (K-i)I F-FE (K)
CAWL S310 CDT*A,ZA,3Ai,0)
EEZTSEBET*BET
XF(BET.GT.1.)G0 TO 62
ZR-DSQRT(l.-SETS)

IGZ-DCtPLX (DMOB (AMG), -Dsm (ARG))
APtG-UR'Z1
ZG1-DCKPLX (COO (hUG) I,-DSZN (hUG))
ARG-W*2I 1G2-OQWPLX (DCOS (AUG) ,-0815 (AhU))

GAN-DOU'LX C. .00, oU)
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GO TO 64 nDZ11.2I
62 AL?-DSQRT (BETS-i.)

EG2-DCOPLX(.ODO, .000)
AAGv-ALP*Z2
IF (ARG. LT. 80.)EG2-DCOLX(DEXP(-ARG), r.00)I

A.RG-ALP*ZK
ir(ARG.GT.SO.)GO TO 81

EGZ-DCOPLX (OEX (-ABG), .000)
KGI-DCOPLX (DEJM (-ALPZi), .000)
GAI4-DCZ4PLX (ALP, .000)I

64 G-cDSQRT (BETS-NC)
RC- (GAM*EC-G)/I(QAM*EC+G)
CB-EG2-C0Ki *EG1

C NEXT INTEGRATE ON RHO.
RSJ.0

irBT~ .) DRK-DNK/BETI
INT-DKMDPK
ir(INT.LT-io)fiNT-lo
DP.K-DKD/fINTI
RK-AK4DBK/2.
DO 70 I-1,INT
CALL BES10 (BET*BK,B30,bn7,i)
RSJ-YRS7+B.7i*DSIN (PH2-IK)

70 BK-flK+DRKI
PSJ.D3K*NSJ
EKDEN+RSJ*GAN*RC*F*EGi 'EGZ
EMtZMRS**BA0*CB*ZGZ
CALL1r BES10 (BET*BK,B,BB1,0)
VDD-VDD+S7*3C* (BA0-BBO) *EGZ*EGZI

80 CONTINUE
81 ERD-DBET*EBtD*DCHPLX( .000, -ETA/ (4 .*P!*SDK*SDKD))

ERM=DBET*E*DHLX (. O0, -ETA/ (4.*PI*SDKD*SOK))
ZDD-ZRD+ERM
VDD--DBET*VDD/ (2. *BAL-S8D)U

C NEXT CALCULATE ZDM BY INTEGRATING ON BETA.

Zi-BDK+TK
Z2 Zl+DKW
ZDM-DCHPLX(.OD0, .000)
DO 90 Ki1,3OMC
BET-DBET* (K-i)
Fr-TB (K)
RA-BzT*AK
CALLT RES10 (BA,Bjo,B&i,0)
SETS BET*BZTI
IF(BET.GT.i.)00 TO 82
ER.'DSQRT(i.-BETS)
AP.G-RR*DK
EGZ-DCHWLX (DCOS (PAG) i -DSIN (AG))
ARG..RR*Zi
EGi-DCIPLX (DCOS (AG),-DSIN (hAG))
AKG-WR*Z2
3G2-DPLX (OCOS (hAG) , -DIN (AG))
GAN-DCHPLX (.000O, Mt)
*00 TO 84I

82 ALP-iDSQRT (BETS-i.)
NG20QWMLX (.0D0, .000)
hAGrvALP*Z2
ir (hAG. LT.S 0.) 1G2-DCMULX (012W (-jAG) , .000)

IF(AKG.GT.80.)GO TO 92
ZGI-DQPLX (DEW (-hAG), .000)
ZGZ-DCHPLX (012W(-ALP'NDK),.G00)
GAJ4.0QPLX (ALP, .000)

64 G-(MSQRT(BETS-ZC)U

3.C- (GAN*EC-G) / (GAM*3C4G)
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86 PC ((GM*SDK-CDK) *ZG1+EG2) /METS K,5)'E '* D1.

DBETOT(ES

GZ-DSRT (DTSE)

RC- (GAN*EC.G) /(GAM*ZC4G)
EGZ-DCHPLX (DCOS (W*EDK) , -DSfl (HRt NDK))
EG1-0CMPLX (DCOS (IIK*Z1) , -DSIN (M*Z1))
SG2-DOMPLX (DCOS (MU'Z2) * -D31K (IIR*Z2))

EAA-0OWLXDCPL (..0 .000) D/ 2DOBL*D

A /2.I AADCALX(ODZ2DO
BETS-ALP*Zi~l

HBl -DEX? (hAG)

CALL-DEX10 (-ALP'5KBOlBI

R-(ALP*SDK-G) 'PZCi4KA)/E

10ALP-ALP*DA

ZVLA-DEVA (2. P*BADK)
P- ( A*ZUEDK ZI+A) R

3304-ZAA+ZND

M 1-VAAMVDD+VNH

RETURN

C
C

A-17



2, IFE, 12,KMX,D12,022)

C DZDV CALCULATES 012 - CHANGE IN MUTUAL IMPEDANCE BETWEEN MODE 1

C AND DISK DIPOLE MODE.

C ALSO D22 - CHANGE IN MUTUAL IMPEDANCE BETWEEN TWO DISK DIPOLE MODE

IMPLICIT RXALB8 (A-H), (P-I)
DIMENSION FE (1)

DATA E-,PI,TP/376.7303662393.4159265359,6.231853071
6 /1

SDKD-DSIN (DKD)
CDXD-DCOS (DKD)

Sl-S2-DKD
S3-S2+0DI

T3-T2+DKD
QST..DCMPLX (. ODO, i ETA/ (4. *PI*SDKD*SDKD))

IF(Zl2.GT.1)GO TO 62

0BET-.1I

IF (10K. GT. ITB) KIO-IYB
C NEXT CALCULATE F (BETA) BY INTEGRATING ACROSS THE ANNULAR DISK.

DO 60 K-1,1=(

BET-DBET* (K-i)I

IF(BET.GT.1.)DR41.D1K/BZT
XNT-DD/D.K
ZF(INT.LT.10) 1NT-10
DRK-DKD/IRT
F-.0
RK-S 1+014/2.

C NEXT INTEGRATE ACROSS TEE DISK.
DO 50 L-1,2
DO 40 1-1,INT
CALL BESIO (BET'14K,BJ0,3Ji,0)
IF (L.EQ .1)FF.-BJO*DCOS (1K-Si)

IF (L.EQ .2)F.F+BJ0*DCOS (S3-RK)
40 14-K14+014

FE (K)-DRK*FI
60 CONTINUE
62 CONTINUE

C NEXT CALCULATE 022.

C NEXT INTEGRATE ON BETA.I
D22-DCH'LX(C.OD0, .000)
DO 100 K-1,KICC
014K-P I/10.

BET-DBET* (K-i)

INT-DXD/D4K
IF(INT.LT.i0)INT-10
DRI-DED/INT
7-73 (K)I
IF(3ET.GT.1.)GO TO 72
lot-DSQRT (1. -BETS)

AG-DC4*E (DCOS (ARG), -08111 (ARG))3
GAMDONLX (.000, t)
GO TO 74

72 ALP-DSQRT (BZTS1I.)

IF(ARG.GT.80 .)GO To 1023
gGZ-DOHLX (DE (-AP.G), .000)
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GAI4-DCNPLX (AL?,. ODD) 14DZDD. 2
74 G-CD)SQRT (DETS-EC)

RC- (GAM*EC-G) /(GAN*ZC+Gs)
C NEXT ItNTEGATZ ACROSS TNE 1IOIULhR DISK.

R22-.0
ItK-Tl+D.K/2.
DO 90 L-1,2
DO 8O XlI)IT
CALL DZS10 (BET*NK,930,NJ1,1)
IF (L.EQ.1)R22-R22+EJ2*DSfl (NE-Ti)
IF (L. 1Q. 2) R22R22+3.72DSIN (T3-X)

80 NK-PK+DftK
90 ItK-T2,DgtK/2.
100 D22-D22+DK*GAM*RC*FP*3GZ*.

2 2
102 D22-D53?*QST*D22

IF(1i2 .NZEi)ETIRN
C NUXT CALCULATE D12.

EDD-D~mPLX ( .ODD, .ODO)

ZDw-DCHpLX(.oDo, .oDO)
P.2-AK+DKD

C NEXT INTZGP.ATE ON BETA.
5I-BDK+TK
Z2-Z+DKN
SDK-DSIN (DXV)
CDK-DCOS (DXV)
QDW-DQIVLX ( . ODO, -ETA/ (4. *PI*3DRXSD1D))
Do 160 9-1,KMX
DNE.PI/i0.
BET-DBET*(K-i)
IF(BET.GT.i.)DRK-DNK/BE?
INT-DKD/DRK
IF (INT. LT.i10) InW1O
DPEK-D/INT
F-TB WK
BETS-DE?*BET
IF(BET.GT.i.)GO TO 112
Mk=DSQAT(l.-SETS)

ARGHKR*BDK
ZGZ-DC)PLX (DCOS (hAG) ,-DSIN (AG))
ARGKRR*ZIM
Zi-DCBpLx (DCOS (MAG) , -DSZU (AG))

KZ2-DQO'LX (DCOS (AM) #DSZN (YAG))
GAmOQ(FLX (.0D0, U)
GO TO 114

112 ALPDSQRT (BETS-i.)
32DCLX(.ODO, .0DO)
ARGAP*Z2
IF (AG.LT.S0.) Z2D LX(D?(R)F .ODO)
ZGZ-DOIPLX(.ODO, .ODO)
IPAMALP*ZK
IT (AG.LT. s.)EG-DWX (DP(R),. .ODO)
APRoALPZl
I (Am.GT.8O.)GO TO 162
EE1-DOWPLX (DWX (-hAG) , .O000)
ZZD-DQWPLX (DX2 (-ALP'*K) , . ODO)
GA-DONLX (ALFP, . ooo)

1i4 G-CUSQRT (DETS-EC)
,tc. (GANEC-G) / (GAKExc+G)

C NUM IUTZGVATE ACROSS IM DISK.
R22-.0
P.MADR/2.
DO 140 1-1, 12"
CALL BESIO '(SET*DKZ,5-,I, )
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R.22-R22+BJ2'DSI(RK-32) 15 DZDD. 3I
140 RIK-3K+DIK

CALL flES1O (fETAK,3J0,5J11 0)

I1(K.GT.1)GO TO 150I
PC- (DCHLX (I. DO, 2. 'DKU) *ZZ2-DCHPLX (CD1, SDK) ZI) /4.

150 PC- ( tGRi4SDK-CDK)* 1ZZ2) IEETS
152 ZDN-ZDW+BTRCF'3J0'EZD*PC

160 ZDD-ZDD+DPIU*GAN'YC*F'ZGZ*E22I

ZDW-DBET*QDW*ZDW
D12-ZDD4ZDW
RETURN

C 
Im

C
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SUBROUTINE DZWD (AK, DED, DEW, C, DE,NSD, E, 3X2, DZ12) DZWD. 1
C DZWD CALCULATES DZ12 w CHANGE IN MUTUAL IMPEDANCE
C BETWEEN A WIRE DIPOLE NODE AM A DISK DIPOLE NODE.

IMPLICIT REXL*S (A-H), (P-Z)
COMPLEX-16 DZ12 (1) ,EC, GAN, G,tC, QC,EGE,QST
DATA ZTA,P1,TP/376.730366239,3.14159265359, 6.20318530718/
IF (NSD.LE.1)NETIRN
DO 20 1-2,NSD

20 DZ12(I)-DCOLX(.0D0, .OD0)
TDKD-2.*K
CDE-DCOS (DEW)
SDE-DSIN (DEW)
SDXDDSIN (DKD)
Z1-HDX+TE
ZJ2-Zl4EE2
ET-Z1+ZJ2
DBET .1
IMC-200
BET-DBZT/2.

C NEXT INTEGRATE ON BETA.
DO 100 K-1,IOEX
BETS-BET*BET
IF(BET.GT.1.)GO TO 42
HR-DSQXT (I. -BETS)
GRM-DCHPLX ( . ODO, HR)
CGD-DCOS (ZR*DXW)

ZGZ-DCEPLX (DCOS (AG) ,-DSIN (AG))
GO TO 44

42 ALP-DSQRT (BETS-i.)
GRN-DCHPLX (ALP, .ODO)
EAD-DEXP (ALP *DEW)
CGD-(EAD41./EAD) /2.
APA-ALP*ZT
ir(ARG.GT.80.)GO TO 102
EZZDEXP(-hAG)
EGZ-DQIPLX (EALZ,.ODO)

44 G-(DSQRT(BETS-EC)
RC- (GAM*EC-G) /(GAM*EC+G)
CALL 31810 (ZET*AK,BJ,BJi.,0)
CC-CGD-CDK
DRE..PI/10.
IF (BET. GT.1.) DRE-DRE/BET
INT-DED/DRE
IF (XNT .LT. 10) INT-10
DRE-DED/XNT
RWB1AE
QC-(RC*EGZ) *(DRE*B.70*CC)
DO 80 1-2,NSD
P1t2-NN1+DED
RNH3-RB1TDKD

C NEXT INTEGRATE ACROSS THE ANNULAR DISK.
YR-.0
RZXRNI4DRE/2.
DO 70 L-1,2
DO 60 qJil,INT
CAT-L N3810 CRET*RE,3.71,1l~)
IF (L.EQ.1)CI-DSXN (1K-RRl)
IF (L.EQ. 2) CIinDSXN (RN3-IE)
FR-FE+3J'cI

60 RK-RE+DRE
70 REX-RE2+DRK/2.

RHN1RN1+DKD
80 DZ12 (i)-D512 (1)+QC'VK
100 BZT.BET4DBET
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173
102 QST-DOWPLX (.ODODm'ThA/ (Tv*SOKDSDR) DZ(D. 2

Do 120 Zin2,NSD
120 DZ12 (Z)QST*D212 (Z)

RETURN

END

cI
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C is
SUBROUTINE DZW(AX, D, DX, C, UX, ., TX, DZIJ, DZlJ) DZWW. I

C DZWW CALCULATES DZIJ - CHANGE IN MUTUAL IMPEDANCE or
C TWO WIRE DIPOLE NODES.
C AND DZlJ - CHALNGE IN MUTUAL IMEDANCE BETWEEN MODE 1 AND
C A WIRE DIPOLE MODE.

IMPLICIT REAL*$ (A-B), # P-Z)
COMPLEX*16 DZIJ(1),DIJ
COMPLEX*16 G,GAM,EC,VC,QC,Q'7,E.Y,EIH,EZ1,EZZ2,PC,ZDW,EGZ
DATA ETA, PI, TP/376.730366239, 3.14159265359, 6.28318530718/
QJ-DCMPLX(.ODO,1.DO)
CDX-DCOS (DXV)
SDE-DSIN (DXV)
SDED-DSIN (DKD)
Do 20 1-1,J

20 DZIJ(I)-DC0LX(.ODO, .ODO)
DZlJ-DCQLX (. OD0,.0DO)
Zl-HDX+TK
~.2-Zl+DXW
ZJ2-Z1G3*DKV

C NEXT INTEGRATE ON a.
C DH-.25/ZJ2

DB-.1
KM-l. /DH
IF (KMCC.LT.10)2OCC-10
DR-1. /13CC
HR-DN/Z.
Do 100 K-1,130C
BETS-l. R*E
BET-DSQRT (BETS)
CALL BES1O (BET*AE,U.70,BJ1,0)
GAM-DCHPLX (.ODO ,M
G-CDSQRT (DETS-EC)
RC- (GAM*EC-G) / (GAN*EC4G)
CC-DCOS (R'DKV)-CDK
rAC-BJ0*CC
QC-RC* (FAC*FAC*DH/BETS)
ARGH-R*ZJ2
E3E-DCGLX (DCOS (lAG) ,-DSflN(ARG))
QCQC'EJn
Z12-ZI
DO 80 1-1,J
Z12-ZI2+DKW
ARG-RRZ12
EIH-DOWLX (DCOS (hAG) ,-DSIN (110))

80 DZI.7(I)-DZIJ(I)+OC*EIH
B32-BJO*B30/BETS
ARGNBR'ZI
Z1-DCOWLX (DCOS (130) , -DSIN (ARG))

ARGmHRZ2
EZ2-DCMPLX (DCOS (10) ,-DSXNV(11.0))
PC-EZ2+EZ1*DOEPLX (-CUK, U'SDX)
DZ1J-DZ1J+RC*BJ2CC*E3E'PC*DH

100 H-RDH
C NEXT INTEGRALTE ON ALP.
C AMC-6./(L72*Zl)
C Dh'.1/L72
C KIC(-AICC DA

DA-D!
KNX-200
ALP-DA/2.
Do 200 X-1,13CC
BETS-ALP*ALP+1.
3ET-DSQRT (BETS)
CALL SlO1 (BET*AK,30,931,0)
G-cDSQRT (BETS-MC)
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Ic M*CG/ APC*)19 DZWW. 2

EAD-D (ZAhLP*ZD) /

CC-CiL0-CDK
=-_ (Qj*3tC) * (TAC*F,.C*D0A/5ES)

XF(~t.G~go. roTo 202

JiJZ-DKX (-IPG)

Z12.ZZ2+Dxw

Aa Z-mZ(-ALPZ12)

5.72430*530lsZTS
AZ1-DEX (-ALP*Z1)
ALZ2-nbEW (-ALp*Z2)
PR-JZ2+ (AW*PD50XC~K) *Z'f
D~JD~+jpCB*CA7 

RD

200 ALPAP+VA SK
202 P.13-ETA/ (PZ*SDK*SK

0)Z13RZ3'jDzlj/
2 .

D0 220 1-1,

C NZXT INTIGIATE ON BETA.
mC(-200
ZT-Zl4Z32

IIETmDSET/2.
Do 300 K-.IOC

ll ( Z .T I ) To 2621

AxGmnR*ZT
ZGZ.DCpLX (DCOS (ARG) ,-DS!U (AaG))

GAK-DCOLX ( . 00, X)3
CGD..DCOS (IR*DKW)
GO0 To 264

262 ALPDSQXT (U5?S-1.)
AaALPZT

ITr(AXG.OT.SO.)Go To 3021
ALG-Dinp (-ARG)
3GZ.DQVLX (AGZ, .000)
GANDCPLX(ALP?, .000O)
FA0D5ZXP.LP*DKV)
CGDW(310+l./72D)/

2 .

264 GwCSQRT (BZTS4ZC)

CALL BSl0 (BZT*A,530,5.fIP0)
CC=mDC)K
acmitc*s..o*C'UGZ

IT .. C.1.) DiRinDR/DZTI

ji(ZRI.LT.I)Zl4 1

lDx.0l~x

C ==EXT Z=&RT3 an PAO.
Do 230 I-1,13!
CALL 55810 (B5T3KM,5W70,5Jl)
RDW-P3DW&*3J1 08 (3312-55)

260 IXRK+D55
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20
ZDNHZDW+DRK*QC*RDW DZbV.3

300 BET-SE?+DDET
302 ZD=DBT*ZDW*DCIPLX (ODO, -ZT?&I (TP*SDXD*8DK))

DflJ-DZlJ+ZDW
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CU
I

a I
C

SUBROUTINE EXPJ (Vl,V2,W12) EXPJ. I
C EXPJ CALCULATES W12 - EONENTIAL INTEGRAL WITH
C LOWER LIMIT Vl AND UPPER LIMIT V2.

IMPLICIT EAL'8 (A-), (P-Z)
COMPLEX*16 EC,E15,S,T,UC,VC,V1,V2,W12,Z

DIMENSION V(21),W(21),D(16),E(16)
DATA V/ 0.22284667D 00,
20.11889321D 01,0.29927363D 01,0.57751436D 01,0.98374674D 01,
20.15902874D 02,0.933078120-01,0.49269174D 00,0.12155954D 01,
20.22699495D 01,0.36676227D 01,0.54253366D 01,0.75659162D 01,

20.10120228D 02,0.13130282D 02,0.16654408D 02,0.20776479D 02,
20.25623894D 02,0.31407519D 02,0.38530683D 02,0.48026086D 02/
DATA W/ 0.45896460D 00,
20.41700083D 00,0.11337338D 00,0.10399197D-01,0.26101720D-03,
20.89854791D-06,0.21823487D 00,0.34221017D 00,0.26302758D 00,

20.12642582D 00,0.40206865D-01,0.85638778D-02,0.12124361D-02,
20.11167440D-03,0. 64599267D-05,e.22263169D-06,0.42274304D-08,
20.39218973D-10, 0.145651520-12,0.14830270D-15, 0.16005949D-19/
DATA D/ 0.22495842D 02,

2 0.74411568D 02,-0.414315761 03,-0.78754339D 02, 0.11254744D 02,

2 0.16021761D 03,-0.23862195D 03,-0.50094687D 03,-0.68487854D 02,
2 0.12254778D 02,-0.10161976D 02,-0.47219591D 01, 0.79729681D 01,
2-0.21069574D 02, 0.22046490D 01, 0.99728244D 01/
DATA E/ 0.21103107D 02,
2-0.37959787D 03,-0.97489220D 02, 0.12900672D 03, 0.17949226D 02,

2-0.12910931D 03,-0.55705574D 03, 0.13524801D 02, 0.14696721D 03,
2 0.17949528D 02,-0.32981014D 00, 0.31028836D 02, 0!81657657D 01,
2 0.22236961D 02, 0.39124892D 02, 0.81636799D 01/
Z"Vl
DO 100 .7M-1,2

X-D EAL (Z)
1-DIAG (Z)
E15-DC) LX(.0D0, .ODO)
AD-CDABS (Z)IF(AD.EQ.0.)GO TO 90
IF(X.GE.0. .AND. AB.GT.10.)GO TO 80
YADABS (Y)
IF(X.LE.0. .AND. YA.GT.10.)GO TO 80
IF(YA-X.GE.17.5.OR.YA.GE.6.5.OR.X+!A.GE.5.5.OR.X.GE.3.)GO TO 20IF(X.Lt.-9.)GO TO 40
IF(YA-X.GE.2.5)GO TO 50
IF(X+YA.rE.1.5)GO TO 30

10 N-6.+3.*A
E15-1. / (N-1.) -Z/N**215 NBN-1
E15-1./ (N-i.) -Z*E15/N
XF(N.GE.3)GO TO 15
E15-Z*EIS-D(LX(. 577216+DLOG (A) ,0AT2 (Y,X))
GO TO 9020 Jl-i

GO TO 31
30 J1-7

J72-21I
31 B-DOU'LX(.0D0, .0D0)

TS"'*T
DO 32 1-1, 2
XI-V(I) +X

-N (I) / (XI*XI+YS)
32 S-S+DCHLX (XI*CF, -T*C)

GO TO 54
40 T3-X*X-Y*Y

T4-2.*X*YA
TSmX*T3-YA*T4
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22
T6..X*T4+YA'73 EXPJ. 2
UC-DOMPLX (D(11)+D (12) 'X+D (13) '73+T5-1(12) 'TA-I (13) '74,

2 E(11)+E(12)*X+Z(13)*!3+T6+D(12)*YA+D(13)'74)
VC-DC14LX (D (14) +D (15) 'X+D (16) '73+T5-3 (15) 'TA-I (16) 'T4,

2 Z (14) +Z(15) *X+t(16) 3+T6+D (15) YA+D (16)'*T4)
GO TO 52

50 T3-X*X-Y*Y
74=2. 'X*YA
T5..X*T3-YA*T4
T6..X*T4+YA*T3
T7-X*T5-TA*T6
T8..X*T6+YA*T5
T9-X*T7-YA*T$
TIO.X*T$+YA7
UC-DCQPLX (D (1) +D (2) *X+D (3) *T3+D (4) *T5+D (5) '77+79- (Z (2) 'TAlE (3) '74
2+9 (4) *T6+I (5) *TS) , Z(1) +3(2) *X+I (3) *T3+E (4) '75+Z(5)'*T7+T10+
3 (D (2) 'TA+D (3) '74+D (4) '76+D(5) 'TB))
VC-DOHLX (D (6) +D(7) *X+D (8) T3+D (9) *T5+D (10) *T7 +T9- (E(7 )'TYA+E (8) *T4

2+Z (9) '76+1 (10) 'TO) ,I (6) +1 (7) 'XII (8) '73+3 (9) '75+1 (10) '77+710+
3 (D (7) 'TA+D (8) '4+D (9) '76+D (10) 'TB))

52 KC-UC/VC
S-SC/DCHPLX X, TA)

54 EX-DWXI(-X)
T-ZX'DOMILX (DCOS (TA) , -DSDN (YA))
115-S '7

56 1F(Y.LT. 0. )I5DCONJG(115)
GO T0 90

80 Z15-. 40 9319 /(Z+. 193044) +.421831 /(Z+1. 02 666) +.14712 6/(Z+2.56788) +
2.2 06335Z-1I/ (Z+4. 90035) +.1074 011-2/ (Z+. 18215) +.15 0654-4/ (Z+
312.7342) +.3170313-7/ (Z+19.3957)
115-E15'CDZXP (-3)

90 IF(JIH.EQ.1)W12E1I5
100 Z-V2

Z-V2/V1
TK-DATAN2 (DfIMAG (Z) , DREAL M3 -DATAK2 (DrDAG MV) , DRIAL (V2))

2+DATAN2 (DIMAG (Vl) , DRYAL MV))
AD-DAS(TB)
ZF(AE.LT.1.)TH-.0
IF(TH.GT.1.)TH-6.2831853
IF(TM.LT.-l.)711--6.2831853
W12-W12-E15+DCI.J ( . ODO, TH)
RETURN
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CU
C 23

SUBROUTINE GRILL (AK, BAR, DJCD, DKW, NEQ, NSD,NS1W, TIK,V7.) GRILL. I
C GRILL CALCUL.ATES THE VOLTAGE COLUMNI VI (I) FOR
C M4ONOPOLE ON CIRCULAR DISK IN FREE SPACE.

IMPLICIT REAL3~*8 (A-fl), (P-Z)I
COMPLEX*16 EGZ,GM,GP,GX(20),VJ(1),GII,QST,WST,V31
DATA PI,TP/3.14159265359,6.2S318530718/
IDH-20
DO 20 1=1,NEQ

20 VJ(I)-DCHPLX(.ODO, .ODO)I
VJ(1)-DCMPLX(l.DO, .ODO)
IF (EAR.LE.1. )RETURN
VJ(1)-DOGPLX(.CD0, .ODO)
DK-DKW
SDK-DSIN (DX)
CDK-DCOS (DK) I
BAL-DLOG (EAR)
QST-DC4PLX (. ODO, 1. /(4 *B*SDK))
BK-AK*BAR
AKS-AK'AKI
BKS-BK BK
LIM-NSW+1
IF (LIM.GT . DM) LIM-IDM

HP-6

NPP-NPH+lI
PEA- .0174533*20.
DPH-PBA/NPE

DO 90 LPH-1,2I
NST-DPH*QST/ (3. *Pl)
SGl--i.
DO 80 1PHB1,WPP
N'F-3 .+SGN

IF (IPH.EQ.N 1) T-.U

IF(XPH.GT.1)GO TO 40
IF(LPH.GT.1)GO TO 40
CN-DCOS (DP/ia.)U

40 RSis.2.*AXS*(i.-CPl)
RS2-AKS+EKS-2 .*7K*3K*CPf
RHi-DSQRT (351)
PN2r.DSQRT (RS2)
CALL CISI (CA,CIN,SA,RNI)I
CALL CISI2 (CE, CI1, SB, P.2)
GI (1)-2. *DHPL(CE-CA, SA-SB)
DO 50 I-2,LIM

DZS-DZ*DZ
PA-DSQRT (RSi+DZS)I
RD-DSQRT(RS2+DZS)
CALL CISI (Ci,CIN ,S1RA+DZ)
CALL CISI (C2,Cfll,2,RB+DZ)
GP-DOMI'LX (C2-Ci, 51-52)I
RA4-Rai / (RA+DZJ
RBM-P.82/ (RB+Dz)
CALL CISI (C1,CflI,Si,M)

CALCISI (C2,CIN,82,3DK)
G4-DCMPLX (C2-Cl, 51-52)I
ZGZ-DCHPLX (DCOS (DZ) ,DSIII(DI))

50 CI (I) GP*GZ+GDI/ZGZ
VJ (1)-VJ (1) +WF*WBT* (9I (2) -CDX*GI (1))
IF (NSW.LZ.1) GO TO 78

K1-0I
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I IA-NSD+i 2 GRILL. 2
DO 60 I-IA,kNEQ

R3RK2+i
IF(K3.GT.IDM)GO TO 60
GP-GI (Ri) -2. -*lG CR2) +GI (R3)
VJ(I)-VJ(Z) +NF*WST*GPI60 CONTINUE

78 SGN--SG;N
80 PH-PH+DPH

DPH-(P1-PHk) /NPH
90 PH-PRA

CALL CISI (CA,CIN,SA,AK)I CALL CISI (CB,C114,SB,BR)
R2-A1+DRD
SR2-DSIN (R2)
CP.2-DCOS (R2)
SDID-DSIN (DRD)
Vii= (SR2* (C-A -CR2* (SB-SA) ) 1(2. *BAL*SDD)
VJ(i).Vii+VJ(i)
IF (NSD.LE.1)RETURN
V22- (DSIN (AK) * (CB-CA) -DCOS (AK) *(SD-Sk) ) /(2. *BAL*SDXD)
VJ(2)-DCMPI.X(V22, .ODO)

RETURN

CI C
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C 25
SUBR.OUTINE QD(CDDSDJD, Si, 3, Ti,T3, TX, III, PH, 122) QDD. I

C ODD CALCULATES Z22 - MUTUAL IMPEDANCE OF TWO DISK MODES.
IMPLICIT REAL*8 (A-N), (P-I)

COMPLEX*16 Z12,E22,ZDI
DATA PI,P3/3. 14159265359, 9.42477796077/

2 FORMAT qx, SF10. 2)
5 FORMAT(1MO)
6 FORFAT (5X, 'PRINTOUT FROM ODD')

7 FORMALT(5X,'DISC DIPOLE TO DISK DIPOLE')I
IWTE.G T7,6)
WRITE (17, 6)

WRITE (17, 5)
10 PHA-.0174533*2.I

PH-2* (NPE/2)
DPB-PRA/WPH
PH-.0
NPHP-NPB41

DO 80 IPH-2,3
ZD(.0D0, .ODO)
SGI--1.

Do 70 1-1,NPHPU

IF (I. EQ. 1) WYr-i.
IF(.EQ.NPHP)wF-i.
CPH-DCOS (PH)
IF(I.EQ.1 .AND. IPH.GT.1)GO TO 60I

C NEXT: DISK DIPOLE TO DISK DIPOLE.
CALL SKEWS (Si, 53, TI,T3,TK,CUKD, SDKW,CDKD, SDED,CP, Z12)

60 PHD-57.29570*PH
IF(IWZ.GT. 0)WRITZ17,2)PD,12
SGI--SGI1

70 ZD-ZD+WF*Zl2
Z22-Z22+DPB*ZD/P3

PH-PHD

DPHm(PI-PEB) /MPH
so CONTINUE

IF (IWZ.GT.0)WRITE(17,5)

C
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C 26
C

SUBROUTINE QDM (AK, DXD, DIM,CDKD, SDKD, SDK,S31, 33, TK, IIIZ, MPH, Z12) QDM. I
C QDM CALCULATES 312 - MUTUAL IMPEDAN4CE OFP DISK DIPOLE AND MODE 1.I COMPLZX*16 ZD,Z12,Z21,ZDH,ZM,P12,ZDD,PDM

DATA PI,P3/3.14159265359, 9.42477796077/
2 r0!uaT(lx,SF1o.2)
5 FOR)OT(1E0)I 6 FORMAT (5x,'PRINTOUJT FRom 0DM')
7 FORMAT(5X,'DISK DIPOLE TO DISK MONOPOLE')
8 FORMAT (5X,'DISK DIPOLE TO WIRE MONOPOLE')

xr(IWZ.LE.0)GO TO 10
WMITE (17, 6)
WRITE (17,7)

10 R-07532

NPHP-NPH+1

DPH-PEA/NPH
1DM-i
IF(S1.GT.10.*AK) IDM-0
PH-.0I EZDD-(.ODO, .ODO)
T2-AK+DKD
DO 40 IPH-1,3
ZD-(.0DO, .OD0)
SGIm-1.
DO 30 1-1,NPEP
Wr-3.+SGI
IF (I .Q.NP1) W-.

CPE-DCOS (FE)I ~ir(I.ZQ.2 .AND. IPE.GT.1)GO TO 20
C NEXT: DISK-DIPOLE TO D13K-MOWOPOLZ.

CALL ZSDM (S1,S3,AX,T2,TE,CDK,DX),SDKD,CPE,P12).
20 PHD-57.29578*PH

IF (IWZ.GT.0)WRITE(17,2)PRD,Pi2
SGI--SGI
PE-PE+DPE

30 ZD-ZD+WF*Pi2
ZDD-ZDD+DPEzD/P3
PH-PEILI DPH-(PHD-PEA) /NPH
ir(IPE.EQ.1)GO TO 40
FE-PID
DPH- (P1-PHS) /M4PH

40 CONTINUE
IF (INZ.GT. 0) WRUTE (17,5)
W2-,TK+DKW
IF(xDM.IQ.0)GO TO 100
lr(rWZ.GT.0)WRITE(17,S)
LPE-6II LPR-2' (LPE/2)
PEA-.0174533*20.
DPE-PEA/LPR
PH- .0I EZDMW(.oDo, .voO)
DO 90 XP3-1,2
PDN-(.ODO,.oo
IGI--1.

DO 60 Iini,LPP
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271
WF-3. SGI QDN. 2
l1r(I. 0. 1) WT-1.
I7(I.Q.LPP)wrin2.
CPHDCOS (PH)3
HwA*DSIN (PB)
IF (1.30.1)H-inI
AC-AX*CPH
Vi-Si -AC

V3-S3-AC

C NEX?: DISK-DIPOLE TO WINE-MONOPOLI.
CALL zSDm (VI, V3, K, 2, RaCDXD, SDED, SDK. .ODO, 12)

70 PHD-57.2957
8 *Pn

IF (IUZ.GT.0)WRITE (17, 2)PHD,P12

SGI--SGII
80 PDM.PDM+NF*Pl2

ZDM-ZDM+DPH*PDM/P3
DPH- (PI-PHX) /LPNL

90 PH-PRA
Z12-ZDM-ZDD
ZF(IWZ.GT.0)WRITI(17,S)
RETURN

CNEXT: DISK-DIPOLE TO WIRE-MONOPOLE.I
100 CALL USD31 (Sl,S3,TK,W2,XK,CDXD,SDIK,SDK, .ODO,ZDN)

Z12-ZDM-ZDD
RETURN END

c cI
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C

SUBR.OUTINE QHM (kK,DKD,DKW, CDKD,8DKD, CDR, SDK,TK, XWZ,NPE, ZlI) Q4
C Q)01 CALCULATES 511 - SELF IMPEDANCE OF MODE 1,
C WHICH HAS TEMINALS AT BAUE OF MIONOPOLE.

IMPLICIT RtEAL*$ (A-B), (1-5)
COMPLEX*16 FOM, FM, 70, 1DM, PNO,P)0
COMPLEX*16 SD, ZDO, DM, 5)4,5)0,511,111
DATA PI,P3/3.14159265359, 9.42477796077/

1 FoRmnaTx,orem0
2 FORNAT(1X,STiO.2)
5 FOUNAT(1H0)
6 FORMAT(5X,'PRINTO3T rROll QW1)
7 FORMKT(5X,'DISK MONOPOLE TO DISK MNOPOLE')

IF(INZ.LE.0)GO TO 10
MUTE (17, 6)
WRUTE (17, 5)

10 AKS-AK*AK
DIOIP-TK+DKW
COKMP-DCOS (D2OP)
SDIMP-DSIN (DKMP)
5304-(.ODO, .000)
SNDin(.ODO, .000)
ZDM-(.000, .000)
LPE-6
I.PHi2* (LPB/2)
LPP-LPN+i
PEA-. 0174533*20.
DPHu.?HA/LPH
P~-AX DPE/10.

PH.-. 0
DO044 IPH-i,2
rD)-(.ODO, .000)
FMD-(.ODO, .000D)
F)04-(ODO, .000D)
SGI--i.
DO 40 I-i,LPP
WF-3 . SGI
IF (I.zQ.1) W-i.
iF(I.EQ.LPP)NF-i.
IF(I.EQ.i AND). IPN.GT.i)GO TO 38
CPN-OCOS (PH)
SPE-OS IN (PH)

R-AK*DSQRT (DRG)
IF (i. Q.i) R-R+fl)0

C NEXT: WIRE MNOPOLE TO WXRE MONOPOLE.
CALL 58)01 (-TE, 0KW, .000,0KW, ACN, S Dm, 80K, 1.00,1)
R-AK* SiB
11(1. EQ.i) R-R+RN

T2-T+DKD
C NEXT: WIRE MNOPOLE TO DISK MNOPOLE.

CALL 5310 (-TK,DKW, , T2 , , CDNI, 3013,303, .ODO ,P)

82-81+080D
C NEX: DISK XNOPOLE TO WIRE MONOPOLE.

CAL 55)01 (81,32, ?K, TK4DKW, P, r-0, 303,3K,.. 000.1D)
36 Tl-lifl+W*P)01

140fl404wF~pI4
rFit-rDK+Wr*PDM
P30-57. 29578*PN
IF (INS.GT .0)WRITE (17, I)180,110,NO,PDK
SGI--SGI
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40 PI-PJI+DPH 29a 2

zNI4.z)Q+DPH*FN/P3

zDH.zDm+DPH*rDm/P3

DPH- (P1-PHK)/LPI
44PH-PHA

IF (INZ. GT.0) WITS (17 5)
IF (Xwz. GT .0) wRITE (17,7)
PEA-. 0174533*2.I

uiPu-2* (NPH/2)

ZDD- (. ODO, .0ODO)
S2-AJK+DD
Do 60 131-1,3

501--i. I
DO 50 I-1,NPHP
W-3.*SGI

ir(I.ZQ.N1)wF1.
CRvo(PA)I

11(1.10.1 ANID. IPS.GT.1)GO TO 48
C NEXT: DISK MONOPOLE TO DISK MIONOPOLE.

CALL ZSEM (AK, 52, AK, 52, TK, CKD, SDKD, SD1D, PR, 11)
48 PUD-57.2957MEP

IF (1112.GT. 0) WRITE (17, 2) P10,11

PM-FM+DPB

50 Z0-20+ VI Pll

Il-PHA
DPI- (PHS-PHA) /N11
iF(IPx.EQ.1)GO TO 60

DIPm (P1-REE) /1611
60 CONTINUE

Z11-ZDD-ZDM-ZMD4ZM4
ir (11. GT. 0) WRITE (17, 5)
RETURN

ENDI

CI
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C so
C

SUBROUTINE SKE(S,83,Ti,T3,RPf,CK,SDK,OKXT,SDKT,PSX,Zi2) smE. I
C SKEW CALCULATES Z12 - MUTUAL IMPEDANCE OF CENTER-F!ED
C NONPLANAR-SKEW SINUSOIDALL DIPOLES WITH UNEQUAL LENGTH.

IMPLICIT REAL-S (A-Z), (P-Z)
COMPLEX16 Z12,EIN,EGDZ,CQX,ZJX,fI,ZP
COMPLEX'16 Z(2,2),r(2,2),ES1,ES2,ETi,ZT2,ZXPA,3XP3,ZGZI
COMPLZX*16 Pll,P12,P21,P22
DIMENSION 3(3),T(3)
DATA ZTA,P1,TP/376.730366239,3.i4i59265359, 6.2831853071S/
S (1-Si
82- (81+53) /2.
S(2)-S2
8 (3)-S3
T(l)-T1
T2- (Ti+T3) /2.
T (2) -T2
T(3)-T3
Z12-(.ODO, .ODO)
DPSI-,CPSI
CPSS-DPSI'DPSI
IF(CPSS.GT.i.Do)CPSS-i.Do
SPS1-DSQRT (1.r0-CPSS)
IF(DAzs(psi) .LT. .999999)GO TO 10
P.BSP.NK*PMR
P1N2-SPSI' (T1+T3) /2.
RHS-RZS*RH2 '182
SGN-l.
IF(CPSI.GT. .0)G0 TO s0
SON--i.
T(i)--T3
T(2)--T2
T (3) -- Ti
GO TO S0

10 D-piK
DSQ-D*D
CD-D/SPSI
BD-CD DlS I
EB-DW P(-3D)
ECDWX (-CD)
C5T--ZTL/ (16. 'PI'SDK'SDKT)
Tk-Ti
TB-T2
DO 70 ITT-1,2
IT(ITT.ZQ.i)ZT1-DCOWLX(DCOB(TA) ,DSrN(TA))
IT (ITT. ZQ.2) ZT2-DaIPLX (DOS (TB) ,DSIN (TB))
TDI-TA
TD2-TS
TSiwTDi 'TD1
T52-TD2*TD2
BA-Si
S3-S2
Do 60 155-1,2
IF (188.KQ. 1) 18i-DWLX (DCOS (a&) ,DSIX (SA))
I? (X3S.3Q.2)Z2DULX(DCO (83) ,DSIN(33))
DO 20 1-2,2
DO 20 l-l, 2

20 Z(K,L)-( .ODO,.ODO)
81-5A
DO 50 1-1,2
II- (-1)**I
501-SI
818-SD! 'IDI
ST1i2 . SDI*TD1*DPSI
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ST2-2. *SDI*TD2*DPSI SKEW. 2
RI-OSQRT (DSQ+SIS+TSI-STI)

2-ST(DSQ4SIS+?32-ST2)3

DO 40 K-1,2
7K- (-1) **K
SK-LrK*SDI
IL-BC

DO 30 L-1,2

TL1-YL*TD1
TL2-I7L*TD2
ItR1R+SK+TL1

Z (K, L) -Z MK,L) +rl * (311A*ZFJ.+ZXP3/KXL)
30 ZL-l./KC

0I(I.2Q.SS)GO TO 501
ZD-SDI*DPSI
EC-ZO
EGZI-DCMPLX(DCOS (ZC) ,DSIN(ZC))

CAL " (CPX.0D0,Ml) ,DCMPLX(.ODO,332),*ZP3)1

Rft1-RI -ZD+TDI
PiL2R2 -ZD+TD2U
CALL 3113 (DCMPLX( .ODO,3R1),DDQWLX( .ODO,32) ,3111)
7(1,1)- (.CDO, 2.DO) -SDK*ZX1A/3GZI
7(1,2) - (ODO, 2.DO) *SDK*ZX13*ZGZI

50 SI-SB

I?(ITT.3Q.2)GO TO 54

I1(ISS.ZQ.)12CST*((r(2,1V1C(2,2)V382+3(1,2)/938)*TI

a+ ( r (1, 2) +Z(2, 1) 3S2- (2, 1) /S2) /XT1)

54 Ir (ISS.ZQ. 1) P21-CS*((-r (2,1) -3(2, 2) *3S1+3(1, 2) /331) 3T2I
c+( F(2,2)+E(2,1)3ZS1-3(1,1)/S1)/T2)

D+ (-T (1, 2) -Z(2, 1) 3S2+2 (1, 1) /EZ)/3T2)

60 B3-3
TA-T2

70 TD-T3
Z12-Pll,112+121+122
RZTU3M

00 Do 100 1-2,3
31-S (X)

Cl-i.ZQ2C=2*D
CQX (.000O, .ODO)I
00 90 .7-1,3

Ti-? hi
IF J. Q. 2) CJ--2.cK
DZ-TJ7-31
R-DSQRT (RNB+DZ*DEJ
X-R+D5
1? (DZ.LT. .0)X-RBS/ (R-VZ)
CALkLr C131 (COSI,CIU,sIX,X)
IP-DCHPI.X(COSI, -5111)U
X-R-DZ
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IF(DZ.GT. .O)X-PM/ (R+DZ) 2SKEW. 3
CALL CUXI (COSX,CXN,BIMZ,x)
EM-DCHPLX (COSI, -SXI)
ZGDZ-Da4PLX (DCOS (DZ) FDSXUN(DZ))

90 CQxWCQx4.CJ* (zp'EGwZ+D/y~Z)
100 Z12-Z12+CX*CQX

Z12- SGN*ETA*Zl2/ (S. *PlSDK0 5DKT)
RETURN
END

C
C
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CI

33 SKEWS. CACLTSZ2-MTAIMEAC FCNE-Z

C COPLANAR-SKEW SINUSOIDAL DIPOLES WITH UNEQUAL LENGTHS.
IMPLICIT RZAL'S (A-H), (P-Z)

COMPLEX'i 6 Zi2, SIN, 3DZ, CQX,%33X, I, EP
DIMENSION S(3),T(3)
DATA ETA,PI,TP/376.730366239,3.1i59265

3 59, 6.283i85307111

8(1-Si1
8 (2) - (si+S3) /2.
S(3)-S3

T (2) -(T4-T3) /2.

Z12-(.ODO, .ODO)
DPSICSI
XF(DABS(CPSI).LT..999999)GO TO 10

CPSS-DPSI*DPSI
IF (CPSS.GT.l.DO)CPSSil.D0
SPSI-DSQRT (1.D0-CPSS)
RH2-SPSI' (Ti+i3) 12.
IUIS-RRS+35t2'382

xrcs.T.)oTo 601
SGN -1i
T(17)_-i3
is(2) r-is(2)

GO TO 601

10 DO 50 1-1,3
SI-S (I)
SIS8SI*SI CI-1I
Cl-i.Eg2C-2*D

DO 50 q7wi,3
TJ-T (3)
TJS TJ*TJ
R-DSQP.T(SIS+TJS-2 . BI*TJ*DPSI)

DO 40 Kw1,2
7K-C-i.)*"KI

XXDYTK*3I+Th*TJ

ZJX-DCPL(DCOS (2X)* DSIM (EC))

X-DABS (XXX)
CALL CISI (COSI,CIN,SIUI,X)
IF (=. LT. . 0) SIMIr-SINI

40 CONITINUE
Z12-ZI2+CQX*CI*CJ

50 CCNTINUZ
Z12--ZTA*Z2I2 (S .'PISDKSDKs)3

60 Do S0 1-1,3

SI-S (I

IF (I.IQ.2)ClI-2.COK

CQX-(.ODO, .oDo)
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DO 70 J-1, 3 34SKEWS.2

C3-1.
ir(j.Q.2)Cj-

2 .*DK
DZ-TJ-SI
R.DSQRT (RHS+DZ*DZ)
X-R+DZ
Zf (Dz. LT. .0) X.RBS/ (RkD3)
CALL CISI (COSI,Cl4,Sfl(!,X)
RP-DO4PLX (COSI, -SINI)
X-R-DZ . RS(+Z
IF(DZ.GT. .)X.RS(+Z
CALL CU!i (COSICIN,SINI,X)
ZN-DCHPLX (COS!,-SI4!)
rGDZ-DOIPLX (DCOS (VZ) , DSfI(DZ))

70 CQX-CQX+CJ* (ZP*EGDZ+D4/KGDZ)
So zl2-Zl2+C!'CQX

Z12..SGN*ETA*Zl2/ (S. .P*SDK*SDKT)
RETURN
END

C
C
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cI
CI

SU3BROUTINIE SKEW? (AX, 81,83 ,T,T3, CDK, SDK, CDKD, SDIW,WZ, 212) SKE~r
C SKEW CALCULATES Z12 -MUTUAL IMPEDANCE 01 WIRE DIPOLE
C AND DISK DIPOLES.

IMPLICIT RZAL-S (A-fl), (P-Z)
COMPLEX*16 P12,z12,Q12 -
DATA PI,P3/3.14159265359,9.424777960771

2 roRmAT(x,SF10.2)
5 rORMAT (lEO)

G FORMAT (5X, 'PRINTOUT FROM SKEET')I
7 FORMAT (5x, 'WIRE DIPOLE TO DISK DIPOLE')

IF(IWZ.LE.0)GO TO 20
WRITE (17, 6)
WRITE (17,7)

WIRITE (17, 5)I
NPX-6
NPH-2* (111/2)

PHAW.0174533*20.
DPB-PHA/JIPE
Z12- (. ODO, . ODO)
PB- .0

C WIRE DIPOLE TO DI3K DIPOLE.

DO SO IPB-1,2I
Q12-(.ODO, .000)
SGI--l.
DO 60 1-1,1111
WF-3.4SGI

IF(I.EQ.1P)WF.

RB-AK*DSIN (PB)
X1(1 .EQ.1)R-RH+RN
AC-AK*DCOS (PB)
Vl-TI-AC
V3-T3-ACI
IF(I.ZQ.1 .AND. IPH.EQ.2)GO TO 50
CALL SKEW (81, S3,V1,V3,RE,CDK,SDK,CD1W,SD1D, .ODO,P12)

50 Q12-Q12+Wr*P12
P30-57. 2957S*PH
xI (11.GT. 0) WITE (17, 2)PHD,P12 I
SGI--SGI

60 PmEPB4DPH
Z12=212+DPH*Ql2/P3
RMN-.o
DPH- (PI-PEA) /NPH

80 PB-PEA
IF (IWZ.GT.0) WRITE (17,5)
RETURN
ENDI

C
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C 36

SUBROUTINE SWART (AK,DKD,DKW, MAX, IWZ, , El) SPAAT. I
C SPART CALCULATES Z - MUTUAL IMPEDANCE OF TWO WIRE DIPOLE MODES,
C AND Zl - MUTUAL IMPEDANCE BETWEEN A WIRE DIPOLE MODE AND MODE 2.

IMPLICIT REAL'S (A-I), (P-Z)
COMPLEX*16 EID(20),EM(20),P(20),(l),Zl(l)
COKPLEX*16 CEM,CEP,EN,EPD,EM2,PD2,ll,Z22,Gll,Ql1
DIMENSION CID (20), SID (20),CM(20),CP (20),SM(20), SP (20)
DATA GA),P2/.577215664,1.57079632/
DATA ZTA,PI/376.727,3.141591
IDM-20

IFORMAT (3X, 'MUST INCREASE DIMENSIONS IN SUBROUTINE SPAR?')
2 FORMAT O3X, 'ACTUAL DIMENSION IDM - ',15,6X,

2'RZQUIRZD DIMENSION MAX2 - ',15)
3 FORMAT(lXF10.2)
5 FORMAT (130)
6 FORMAT (5X, 'PRINTOUT FROM SPAR?')
7 FORMAT (5X, 'FIRST: WIRE DIPOLE TO MO0DE ONE')
8 FORMAT (5X, 'THEN: WIRE DIPOLE TO WIRE DIPOLE')

I!" (MAX.LE.O) RETURN
MAX2-MAX42
DO 24 I-,MAX
Zl(I)-(.oDo, .0D0)

14 Z(I)-(.ODO,.ODO)
IF (MAX2.LE.IDM) GO TO 16
WRUTE (17, 1)
WRITE (17,2) 1DHM, X2
RETURN

16 DK-DXW
IF(IWZ.LE.O)GO TO 18
WRITE (17,6)
WRITE (17, 7)
WRITE f17, 8)
WRITE (17, 5)

18 TDK-2.*DK
SDXD-DSIN (DRD)
S11-.0
S13-TDK
521-DK
S23-3 .*
DO 20 N-1,MAX2
I-N-i
DZ-I*DK
CID (N) DCOS (DZ)
SID (N) -DSIN (DZ)

20 ZID (N) -DCHLX (CID (N) , ID (N))
CDR-DCOS (DK)
SDK-DSIN (DK)
EPD-DO4PLX (CDX, SDK)
flM)-DCHPLX (CDX, -SDX)
ZPD2-ZPD*EPD
IMD2-ZMD*ZD

CN-.CD)X+EHD
CXP-2.*CDX+KPD
AX2-AX'AX
CSS-ETA/ (S. '1ISDK*SDX)
NPH-6
MP3-2' (111/2)
311-313+1
PEA-. 0174533*20.
DPX-PHA/NPH
13'. 0
DO 100 313-1,2
CS?.DPH*ETA./ (24 . *PIPISDXSDK)
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C22-DPB/ (3.*Pz) 37 pi.

DO ao ZPH-1,NPP

CPH-DCOS (PH)I
iF(xpn.cT.1)Go TO 30
NW(P.GT.1)GO TO 30
PNO-DPN/10.
ClN-DCOS (130)I
SPH-DSZN (130)

30 T1-az'(l.-CPa)
T2-T1eDKD
33'AK*S13

DRG-2 '*.K2 (1. -CPH)I
iS-DRG
WF-3.GSGN
ZF(!PH.RQ.1)wr-1.

VSTm-WCST
W22-NF'C22
DO 40 N-1,MhX2
I-N-i

Dt-I'DKU
DZSinDZ*DZ
R-DSQR (ItS+DZS)
AiG-R4DZ
IT (N. EQ. 1) AG-RK
CALL CISI(Cl (N) ,CIII, 8(y) ,hiG)I19P (N) -DCHPLX (CP (N) , -3S? (N))
IF(N.GT.i)GwO To 38

SN 1)-Si (1)

GO TO 40I
30 ARC-i.S/hiG

CALL CISI (01(N) ,CIN, SN(N) ,ARG)
EN (N) -DCNPLX (01(N), -SN(N))

40 CONTINUEI
R-4.'* (-CM (2)4+2. -CP(1) -CP(2))£42. *CID (3) * (401 (3) -2. *'01(2)4+2. *Cl (2) -2. *Ci (2) 4CP (3))

9+2. *SID (3) * (-SN (3)4+2. 'SN (2) -2. 031(2) +81 (3))
X-4.'* (SH (2) -2. *SP (1) 481(2) )

C+2. *CID (3) *'(-SN (3) 42. 'SN (2) -2. '81 (1) 42. *'51(2) -SP (3))V42. *SID (3) * (-C04(3) +2. *'01(2) -2. *Cl (2) +Ci (3))
Oi1-CSSDCNPLX (RX)
£ (i)-t (1) WST*DCHWLX(R,X)
til--6 .'COK'Zi(1)42.' (31D4CK) '31(2) -NPD'Z1(3) +

22.'* (XD+4COK) '111(2) -30*34(3)I
CALL ZSD(S~I,8i3,!i,y2,RB,C[x,SDX,aD~t, .ODO,122)Gil-CSS'311-t22
Z1(l)-t (1) +WITZl-W22't22
PM)-57 .29578*iz
IF (lilt.GT.0)MWUTE(17, 3) pn, 611.011
170aX.Q.)GO TO 70
R-2.'CID(2) *(-01(3)43.'01(2)-4.*CP(1).3.*(2)-.c(3))

342. *8Th(2)' (+814(3) -2. 'SN(2)42. '31(2) -81(3))
r4CID (4) * (401 (4) -2. *01(3) +CH(2) 4.P(2) -2. -CP (3) +CP (4))
G+SD (4) (-SM (4) +2. *SM(3) -3(2) 8P(2) -2.*SP (3) ,8P(4))UX-2. *CID (2)'* (SK (3) -3. *SM(2) +4. 'sw (1) -3. SP (2) 4AP(3))

14CID (4) *(-34(4)42 .'8(3) -8K(2)-8P (2)42 .'81(3)-SI (4))
3+SID (4) * (-C04(4) +2. '04 (3) -01 (2) +CP (2) -2. * CV (3) 4CP (4))

Zl11-2. '31(1) 4Cl' (=W*= (3) -EPD*M1 (2) )32Z +24S'OL(X
2CE1'* (Z" '3i (3) -30'34 (2) ) -EPD2*Z1 (4) -302'U41 (4)
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CALL ZSDM(321, 823,?1, T2, , CD, SVK, SDX, 0D0, Z22) PR.

31(2) -31(2) +WST'Zii-12
2'3 2 2

zr(HAX.IQ.2)GO TO 70I 51-DR
Do 60 Nin3,4Dh
mi-N-i
M2inN-2

zil-EP (ii) 'BID (141) eD1(14) IZ (41) +CEP' (1(Ni) BID (N) -34(N)/I? N))

2-CIM' (El (N) 'BID (N4) -34 (Ni) /BID(N) ) -ZP (N42) *BID? (Ni) -114(12) /SID (Ni)

81-S14DK
53-81+TDXI CALL BSDN(Si,83,T2,T2, B,CDK,5DK,SD1D, .0D0,B22)
Ii (N) -31(4) +WST*Zii-W22*Z22

CIA-Cl (12) -2. *CP(14)40(N)

0IP..01 (142) -2 . '01 (Ml) 401 (N)
05B2.*'04(N) -04(Ni) -04(11)
0Cin04C (N42) -2. *01 On) +01 (N)
5lA51 (142) -2. *51(M4)451(N)
515-2.*'51(N) -51 Mi)-51(Ni)I 31SCSP (142) -2.'51 (Ni) +51(N)
SHA-SN(142) -2. '81(M4)4514(N)
5145.2.*'51(N) -SM(Ni) -514(14)
S14C-514(N2) -2.514(N)SM(N)
R-C!?) (142) ' (C11+oa&) +2. *CID W) (CID+05B) +2. '5SID (N) *(515-UMS)I K~ +CID(12)' (CPC+IC) +S!D (N2) '(81C-SMC)

IF (1.GT.3)R-R+S!D (12)'SPA-ala)
X--CID (12)'- (51A+53) -2. *CID) MN * (815+8351+2. *SID) (N)' (CP5-CS)

L -CID (12)'* (3PC+SMC) +5?) (N2)'* (CPC-OIIC)
IF (N.GT.3)X.'X+SD (12)' (CIA-O.)I60 Z (N) -Z (N) +WST'D0WLX (R., X)

70 PH-PH+DP3
S0 SGN--SGN

D15- (11-1K) /N1H

IF (IwZ.GT.0) UNITE (17,5)
RETURN

CN
CIC
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IMLCTREAL*S (AN),r (P-I)I

COMPLEX-16 COX, JXX, Z12, BPI, ZX 1, P21,BGDZ,ZI, ZP
DIMNSION~ 8(3)

DALTA ETA,PZ,TP/376.730366239,3.14i59
2 6 5 3 5 9 , 6.2018530713/

82- (Si+S3) /2.
S(2)-S2
SM-)iS3
Z12-(.0D0, .0D0)I

CPSS-DPSI*DPI
ir(CPSS.GT.1 .DO)CPSS-i.DO
SPSIODSQRT (1.DO-CPSS)
XF(DABs(cpsi).LT..999999)GO TO 10

R2SS*TT2/2.
RBS-RHS+RB2*1H2

ZF(CPSi.GT. .0)GO To S0

8(2) -- 82
8(3) -- Si
SGN--i.

GO TO 80

DSQ-D*D

CD-~DSS

EC-DEXP (-CD)

TDi-Tl
TD2-T2
TSI-TDi'TD1
TS2-TD2*TD2I
CST--ETA/ (16. 'PZ'SDK*SDKT)
BA-Si
85-S2
ST2-DcNPLX (OCOS (T2) ,DSXN (T2))
DO 60 ISS1,2I
IF (18 .IQ.1)SIu.DWLX(DCOS (BA) ,DsnR(8A))
XV (ISS.ZQ.2)ZB2-DWLX(DCOS (SB) ,DSfI(SD))
Do 20 1-1,2
DO 20 L-1,2

20 2(K,L)-(.ODO,.0DO)I

DO0 50 1-1, 2

SZDI UDZ

BTI12. 'BD!'TDI'DPSI
ST2-2.*'8DZTD2*DPS1
lu'DSQRT (DSQ+81S+TSI4BTI)
R2-DIQRT (DSQ+SZSIT32-ST2)
1K-EU
DO 40 K-1,2

Do 30 lo-1, 2
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1 &0
rL- (-) -*LZSDN.2

5cL=ZK*ZL
2OC-VK*BD+1L*CDI !TL1-F1.*TD1
TL2-rL*TD2
RRI-1.1+SK+TLI
112-R2*SK+TL2
CALL WXJ (DCaa'Z.X O,RR11) ,DCEPLX (XX, 112), EllA)
CALL EXPJ (DCHPLX (-XX, RI) , DCOLX (-XX, 1.2) DZllS)
9 (K, L) -Z (K, L) +VI (EllA*U2L+Ull5IEU.)

30 EL-l.IEC
40 31-1.135

iF(I.EQ.SS)G~O TO 50
ZD-3DI*DPSII U~~~GZIDPX(COS (ZC),DSZN (ZC)) (OO 1),lD

RR2-2+ZD-TD2
CALL EXP7 (DCQPLX(ODD, 11),DCPX.D,~2,XB

IhLEP(CPX OD0,111l),DOX( . ODD, 112), SXlL)

50 I3-SB
xr(iss.UQ.1)

A122-CST* ((-1(2,1)-U (2,2) *581+1(1,2) /ZS1) 'UT2
a+( F(2,2)+E(2,1)*ES11(1,1)/ZSI)IUT2)I II (ISS.EQ.2)
C111-CST*(( r(1,1)+U(2,2)*ZS21Z(1,2)/ZS2)*5T2
D+ (-F (1, 2) -Z(2, 1) U52U (1, 1) /1S2)IUZT2)
SA-S2

60 SS-S3
Z12-P114121

DO 90 J-1,2
DZ-TJ-SI
R-DSQRT (UNS+DZ*DZ)I X-R+DZ
IF (DZ. LT. .O0) Xm1KS/ (R-DZ)
CALL CISI (COSI,CIN,SxiI,x)
EP-DOUFLX (COSI, -5111)
XinR-DZI IF (DZ. QT. . 0) X-A151 (R+DX)
CALL CISI (COSI,CIn,aSiI,X)
Uh-DOQWLX (CO3I, -5111)

rf(j.zQ.2)Gvo TO 90

1 ~ ~~90 T3-T2(),DNX)
X-T2-SI

1 100 COSITIUDE
212- SGN*ZTA*Z12/ ($.*'1X'BMS=M)
USTUlI
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CI
SUBROUTINE ZSMt(S1, S2,?1,!2,D,CS,SDS, SDT,CPS,Pll) ZS)4.1

C C&LCUL&TES MUTUAL IMPDANCE OF COPLAR-SEW
C SXNUSOIDAL HONOPOL3S.I

IMPLICIT 33E3,*9 (A-H), (P-Z)
COI4PLEX*16 3(2,2) ,r(2,2),GAM,P11,P12,P21,122
COMPLZX*16 ZGZI,ES1,ES2,ZT,T2,MCPA,ZXPB
COMPLZX*16 EGDZ, DH,EP,UI1.ZP1
DATA ETA, GAM,PI/376.730366239, (.ODO,1.DO) ,3.14159265359/

DPQ-DD*DD
DIPSImCPSI
CPSS-DPSI*DPSI

OPSI-DSQRT (1.DO-CPSS)U

l1(S2 .LT.S1) SGDS--SDS
SGDT-SDT
IF (T2.LT .T1) SGDT--SDTI
I1(DABS(CPSI).L..999999)O0 TO 6
DO-SPSI' (Tl*?2) /2.
DSQmDPQ.+DO*DO
GO TO 110

6 ES1-DCMPLX (DCOS (Si) ,DSIV (S1))I
3S2-DCHPLX (DCOS (52) ,DSIU (52))
ZT1-DCPLX (OCOS (Ti) ,DSD (Ti))
3T2-DCH'LX (DCOS (T2), DSXN (T2))

.0)ID-

Tol-Ti
TD2-T2
CD-DD/8PSl

NDCD*DPSII
E3-.0
zC-.O
IF(ID.EQ.0)GO TO 8

ZBDW) (-3)I
EC-DEXP (-C)

8 DO 10 X-1,2
DO 10 L-1,2

10 Z(K,L)-(.ODO,.OD0)
TS1-TD1 *TD1I
TS2-TD2*TD2
S1-si
DO 100 1-1,2
rz- (-1)**i SDI-SI

I-B5I*D
STI-2 .*SDI*TD1*DPSI
ST2..2. 0 8D!*TD2 *DPSZ
R1-DSQRT (DPQSIS9+TS1-ST1)
1k2-DSQRT (DPQ+SlS+TS2-3T2)

DO 50 1-1,2

IL..(-1)-*

3m-ZK*K DO 40L-1,
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TL2-FL*TD2 ZS4. 2
RRIPRl+SK+TLI
3P.2-R2+SK+TL2

!F(AXX.GT.D~hss0OI)/l00.)Go To 28
IFr(AxX.GT.DABS(ltR2)/200.)GO TO 28
IF(AXX.GT. .001)GO TO 28
ir(IR1P~/tX2.LT. .0)60 To 28

CALL CISI (COS1,Cfl(,SXN1,DR1)

K"A-DOPLX (C082-COS1, Sflh-SIN2)

GOIXQ2G TO 100

28 CALL XPL(DCOSX(XSC) ,DW(C))XXXR),"L

CALL CU! (COS1,CI, SIX,R1)DHL(X,.2,XB

100 I.2)OT10

110 !T(C PSI .0 ) O T 12

120 T-Ti+Z-

CALL CU!(O2CN~X2R2
3P DCHLX (CO32CO1lISI2

XR-R-D T
CAL (DI 6T.0 X~Dl lAOsxlp)
CALL CISI (COB!, CIX, 8X2,IR)
UE"-D LX (COS2,-XI, lSI2
Z(,1 .3Q.2G TOD 40 )ZCP/ZZ
3r 1,-2.3 S . DID) MBZZ

1400 I

j A-4Tl
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ZGZDHL(DCOS(X); DSIr(X)3 ).

150 S31-S2I
Pli-STA*P11/ (S. *P!*SGDS*3GT)
RETURNE
END cI

C
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COMPUTER PROGRAM RICHMOND4:
MONOPOLE ANTENNA ON CIRCULAR DISK

OVER FLAT EARTH

(IMPEDANCE, GAIN, AND FAR-FIELD PATTERNS)

by
Jack H. Richmond
February 16, 1990

Revised September 21, 1990I

INTRODUCTION '

Appendix I presents the computer program RICHMOND4. This FOR-
TRAN program calculates the current distribution, terminal impedance,
and directive gain G(O) of a base-fed monopole antenna mounted at the
center of a circular disk over the flat lossy earth. The detailed theory be-
hind this moment-method solution is presented in the following paper:
(J. H. Richmond, "Monopole Antenna on Circular Disk over Flat Earth,"
IEEE Transactions, Vol. AP-33, pp. 633-637, June 1985.)

To assist the user, comment statements have been inserted in the main
program and the subroutines. Only a few additional brief comments will
be required in this Introduction.

RICHMOND4 performs all calculations with double precision. In this

program the notation corresponds closely with the notation in the above
paper, with one exception: In the paper z, denotes the height of the circular
disk above the surface of the earth, whereas in the program HDL denotes
Zo/,\. (The wavelength in free space is denoted by \ or WAVM.)

'Appreciation is expressed to The MITRE Corporation for sponsoring this report,.
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RICHMOND4 requires all the subroutines used by RICHMOND3. In I
addition, RICHMOND4 requires the following additional subroutines which

are listed after the main program in Appendix I: EDISKI, EDISK2, GAINI,
and GAIN2.

Subroutines EDISKI and GAIN1 calculate the far-zone electric field I
intensity E9(0) for the monopole on the circular disk in free space, with

0 < 0 < r. In these calculations, the factor exp(-jkr)/(kr) is suppressed.

For the monopole on a circular disk over the flat earth, EDISK2 and GAIN2

calculate Ee(6) with 0 < 0 < w/2. In GAIN1 and GAIN2, ET denotes the

quantity kr exp(jkr) Eq(r,9), which may be called "the normalized far-

zone electric field intensity" corresponding to the space wave.

GAINI and GAIN2 each makes two passes through the range of angles 3
0. On the first pass (M - 1), the time-average radiated power P, is calcu-

lated via numerical integration using appropriately small increments DTH

in the angle 0. On the second pass (M = 2), the directive gain D(G) is

calculated and stored using the angular increments DTHD specified in the

input data. I
Tables I and II show numerical results (with RICHMOND4) for cir-

cular disks with radii ka = 1.5 and 3.0 respectively, where k denotes the

wavenumber in free space. For the monopole on a disk in free space, the ra-

diation resistance R(RAD) and the directive gain GAIN agree closely with

Tables A2-6 and A2-12 in the following:
(M. M. Weiner et al., "Monopole Elements on Circular Ground Planes,"

Artech House, 1987.) 3
In addition, Tables I and II list the radiation resistance and gain for the

monopole on a disk on the flat lossy earth, as well as the antenna terminal

impedance in free space and on the flat earth. Let us define the radiation

efficiency to be the ratio between the power radiated (via the "space wave"

into the free-space region) and the power input at the antenna terminals.

This radiation efficiency, then, is equal to the ratio of the radiation resis-

tance and the real part of the antenna terminal impedance. In Tables I 3
and II the radiation efficiency is 100% for the antenna in free space. For

I

I



the antenna on flat earth the radiation efficiency is 25.1% with the smaller

disk, and 46.6% with the larger disk.

RICHMOND4 has been tested with several of the examples in the pub-

I lished paper cited earlier (Richmond, IEEE, 1985), with excellent agree-

ment on the antenna terminal impedance. In addition, the RICHMOND4

calculations converge properly as the number of segments (NSD and NSW)

increases.

IIn the calculation of the normalized far-zone electric field intensity ET,

GAINI and GAIN2 include only the "space wave" component of the field.

The effects of the round earth and the ionosphere are not included. Even

I with flat earth, as the observer approaches the air-earth interface, the

"ground wave" or "surface wave" field may become significant, but is not

included in ET.

I
I
I

I
I
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TABLE 1. Numerical Results with ka = 1.5 I
DOUBLE PRECISION

MONOPOLE ON CIRCULAR DISK

NSD NSW AL CK CL HL HDL U
8 2 1.E-6 1.5 0.2387 0.25 0.0

R(RAD) R x
22.0733 22.0710 13.7758 (IN FREE SPACE) I
THETA GAIN (IN FREE SPACE)
0.0000 0.0000
10.0000 0.0582
20.0000 0.2202
30.0000 0.4521
40.0000 0.7103
50.0000 0.9540
60.0000 1.1543
70.0000 1.2967
80.0000 1.3781
90.0000 1..4008

100.0000 1.3674
110.0000 1.2775
120.0000 1.1306
130.0000 0.9303
140.0000 0.6906
150.0000 0.4387
160.0000 0.2135
170.0000 0.0564
180.0000 0.0000

THETA GAIN (ON FLAT EARTH)
0.0000 0.0000
10.0000 0.1550
20.0000 0.6084
30.0000 1.3146
40.0000 2.1628
50.0000 2.9360
60.0000 3.2924
70.0000 2.8331
80.0000 1.3814
90.0000 0.0000

NSD NSW AL F CL ER FC RDL HL SIG
8 2 I.E-6 3.0 0.2387 4. 10. 0.0 0.25 .001 I
R(RAD) R x
7.4136 29.7531 12.3685 (ON FLAT EARTH) 5

U

I
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TABLE II. Numerical Results with ka = 3

IDOUBLE PRECISION

IMONOPOLE ON CIRCULAR DISK

NSD NSW AL CZ CL HL BDL
8 2 I.E-6 3. 0.4775 0.2500 0.0

R(PAD) R X
40.0556 40.0120 33.0500 (IN FREE SPACE)

THETA GAIN (IN FREE SPACE)
0.0000 0.0000
10.0000 0.2238
20.0000 0.7637
30.0000 1.3305
40.0000 1.6823
50.0000 1.7417
60.0000 1.5725
70.0000 1.2923
80.0000 1.0069
90.0000 0.7868
100.0000 0.6695
110.0000 0.66491 120.0000 0.7499
130.0000 0.8597
140.0000 0.8925
150.0000 0.7578
160.0000 0.4593
170.0000 0.1391
180.0000 0.0000

THETA GAIN
0.0000 0.0000 (ON FLAT EARTH)

10.0000 0.2630

20.0000 0.9524
30.0000 1.8271
40.0000 2.6187
50.0000 3.1019
60.0000 3.0919

70.0000 2.4352
80.0000 1.1249
90.0000 0.0000

NSD NSW AL BAR CL ER FMC - KDL EL SIG

8 2 1.E-6 3.0 .4775 4. 10. 0.0 .25 .001

R (RAD) R x
18.2413 39.1551 27.5684 (ON FLAT EARTH)

I
I

I



APPENDIX 1. RICHMOND4 and the Subroutines

C RICHMOND4
C MONOPOLE AT CENTER OF CIRCULAR DISK OVER FLAT EARTH. RICIIM4. 1
C DOUBLE PRECISION.
C CURRENT DISTRIBUTION, IMP'EDANCE, AND FAR-FIELD PATTERN.

C LINK: BESlO, CISI,CMINV,DZ1X,DZDD,DZWD,DZWW,EDISKl,EDISK2,EXPJ,I
C GAIN1,GAIN2,GR.ILL,QDD,QD,QM1, SKEW,SKEWS,SKEWT,SPART, ZSDM, ZSMM

COMPLEX*16 CJ(30),VJ(30),ZJ(30),VIJC30,30),ZIJ(30,30)
COMPLEX16 Y11,DET,EC,Dll,Dl2,D21,D22,DZ1J,DV1,W21
COMPLEX*16 Pll,P12,P21,P22,ZDD,ZD,MD,ZZV,,Zll,ZD,Z22,Zl2,Z21
DIMENSION FB(500) ,G(182) ,LLL(-A0) ,MMR0(30)I
DATA EO,UO/8.854l8!'336770-12,1.25663706144D-6/
DATA ETA,PI,T?/376.730366239,3.14159265359,6.2B318530718/
DATA ICC, IFB/30,500/

I FORMAT(1X,215,BF10.4)

2 FOPMAT(lX,8F10.4)I
5 FORMAT(1HO)

C AL - RADIUS OF WIRE IN WAVELENGTHS.
C BAR - RADIUS RATIO FOR COAXIAL FEED CABLE.
C CL - RADIUS OF CIRCU:AR DISK IN WAVELENGTHS = EPSLN/TP.
C DTHD - INCREMENT IN FAR-FIELD ANGLE THETA (DEGREES).

C ER - RELATIVE PERMITTIVITY OF EARTH.I
C FMC -FREQUENCY IN MEGAHERTZ.
C HL - LENGTH OF MONOPOLE IN WAVELENGTHS.
C MDL - HEIGHT OF DISK ABOVE THE EARTH IN WAVELENGTHS.
C NSD - NUMBER OF SEGMENTS ON THE DISK.
C NSW -NUMBER OF SEGMENTS ON THE WIRE.

C SIG - CONDUCTIVITY OF EARTH, MHO/M.

C SET HDL - NEGATIVE FOR MONOPOLE-DISK IN FREE SPACE,
C OR HDL - POS. FOR FREE SPACE + FLAT EARTH.
C SET IWCJ - 1 TO WRITE OUT THE CURRENTS CJ(N),

C OR IWCJ - 0 TO SUPPRESS WRITEOUT.

c TL - .D-5 FOR EPSLN GREATER THAN OR EQUAL 0.25,
C AL.D-4 FOR EPSLN LESS THAN 0.25.

AL-i .D-6I
BAR=3.
CL-3. /TP
DTHD..1O.
ER=4.
FMC-1O.

HL- .25

IWCJ-0
NSD-8
NSW-2
SI G-001I
WAVM-300 ./FMC
IWZ-O
NPH-6
NEQ-NSD+NSW- 1
IF(NEQ.GT.ICC)GO TO 400I

CK-TP*CL
HR=TP MHL
HDK-TP * DL

OMEG-TP*FNCZ .D6
EC-DCMPLX (ER, -SIG/ (OMEG*90))
DKD-(CM-AX) 1USD
DKW-HX/NSW
RHt2-A+DKD

IF(R112.LT.BAR*AR)GO TO 400
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CDDDO(DID) MAIK.2

CDK-DCOS (DKW)
SDK-DSIN (Dlii)
NAX-NSW-1
NA-NSD+l
C&LL QiMi(A1,DXD,DKW, CDXW,SDXD, CDX, SDX, TX,INZ,NPB, El)

IF(NSD.LE.1)GO TO 100

DO 60 J-2,NSD

S3-Sl+TDKD

DO 50 1-2,J
T2-Tl+DKD
T3-Tl+TDID
CALL QDD(CDKD,SDKD,S1,S3,T1,T3,TK,IWZ,NPE,Z22)
Z13 (I, J) -Z22

50 Tl-T1+DKD
CALL QDM(AKDXD,DXW,CDKD, SDKD, SDK,Sl,S3,TK, IWZ,NPH, 512)
Zli (1,3J) -Z12

60 S1-51+DID
100 IF(NSW.LE.1)GO TO 200

CALL SPART (AK, DpD, DXW,HMAX, hNZ, 53, CJ)
L-0
DO 160 I-NA,NEQ
DO 150 J-1,IEQ

15 JZI(,3:J
15 3-1+1j-Z(K
L-L+1

20CONTINUE
178 ZF(NSD.LE.1)GO TO 200

Z2-.0
DO 190 J3NA,NEQ
Z2-Z2+DICW
S1-Z2-DKWI S3-Z2+DKW
RH2-AK
Do 180 1-2,NSD
RH2-PN2+DlD
T1-RH2-DXDI T3-Nfl2+DKD
CALL SKEWT (AK, Si,S3,T1,T3,CDK,SDK,CDKD,SDKD,IWZ,Z12)

180 Zl3(I,3)-Z12
190 CONTINUE
200 CALL GRILL (AX, AR, DID, DKN,NEQ, NSD, 31, TE,VJ)I DO 210 1-1,NEQ

Do 210 J-Z,NEQ
C WRITE(7,1)1,J,ZL7(I,J)

513 (3,I)-ZIJ(I,3)I 210 V13(I,.7)inIJ(I,7)
V WRITE (6,12) NSD, NSW1, AL, CI,CL,mLD
VWRITE (17, 1) ZSD, NSW, AL, Cl, CL, HL,NEDL

c WRITZ(6,5)
C WRITE(17,5)

CALL CKINV(CJ,VJ, 513,1CC, iWC3, ,LLL,INu,IIEQ,DErT)

511-1./Yni

C CALCULATE DIRECTIVE CAMN G (N) IN ME SPACE.

C rDs.z.G0T 212 SAE
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C TEA - ANGLE OF MAXIMUM GAIN IN rhEE SPACE. M)ON.3I
CALL GAIN1 (AK, CK, CJ7,DTBD,G, GAINA, RK, NSD,

2 NSW, NTE, PR, TEA, WAVM)
A.7=CDABS (CJ (1))
PR1PRI (AJ*AJ)I

212 CONTINUJE
C WRITE(6,2)HDL,GXINA,RRI,Zll
C WRITE(15,2)HDL,GKINAoRR1,Zll
C WRITE(6,5)

C WRITE(17,5)I
IF(DTED.LE. .0)GO TO 222
Do 220 N-1,NTH
TH-DTHD* (N-1)
MUITE (6, 2) TH, G (N)
WRITE (17, 2) TE, G(N)I

URITE(6,5)
WRITE(17,5)

222 CONTINUE
CI
C CALCULATE DIRECTIVE GAIN G (N) OVER FLAT EARTH.
C

IF(HDL.LT. .O)GO To 350
DO 400 NHD1,4 HDL-NI
HUEDT*D

C DELETE STATEMENT 230 UNLESS THE CURRENT DISTRIBUTION 1S TO BE
C APPROXIMATED BY THE CUR. DIST. FOR ANTENNA IN FR.EE SPACE.
C 230 IF(NHD.GT.0)GO TO 316

CALL D~ll (AR, BAR., DKD, DKW,EC,LFE, RUK, TK, rFB,D11,DVI)

IF(kISD.LE.1)GO TO 265
S2-AR+DKD
DO 260 J-2,NSD

T2-AR4DKD

DO 250 1-2,J
CALL DZDD (AK, DBET, DXD, DKW,EC, FB,EDK, S2, T2, TK

2, IFS, 112,KHX,D12,D22)
IF (I.EQ .2) P12-Dl2I
21.7(I, J7) -D22
122-2

250 T2-T2+DKD
2IJ(1,J)-P12

260 S2-S2+DKD

DO 276 Ks.1,MAX
CALL DZW (AK, DED, DKW,EC, EDK,K, TK, Z.,DZ1.7)
7-NA+K-2
ZI3 (1, J7) inDZlJ
L-1
DO 270 I-NA,J
ZIJ (I,J) -ZJ CL)

270 L-L+1

278 Xr(NSD.LE.1)GO TO 300
Z2- .0
DO 290 .7uNA,NEQ
Z2-Z2+DKWI
CALL DZWD (AN, DD, DKW,EC,NDR,USD, TX,Z2,Z5.)
DO 280 1-2,NSD

280 ZIJ (1,J) -ZJ (1)
290 CONTINUE
30DO 30 .71,EQI
00DO 308 JI,NEQ

Z12-VIJ (1, .)
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D12-ZIJ(I,J)
C WRITE(17,1)1,J,Z12,Dl2

ZIJ (1,J) -Z2+D12
308 CONTINUE
310 CONTINUE

C WRITE(l7,5)
CALL GRILL (AK, BAR, DED, DEW, NEQ, NSD, NSW, TE, VJ)
VJ (1) -VJ (1) +Dv1
Do 315 Iml,NEQ
Do 312 J-I,NEQ

312 ZlI (J,1) -ZIj (1,J)
315 CONTINUE

CALL CMINV (CJ, VJ, ZIJ, ICC, IWCJ, 1,LLL, 3OONEQ, DET)
316 RR2-.0

C IF(DTHD.LE. .0)GO TO 322
C THE - ANGLE OF MAXIMUM GAIN OVER FLAT EARTH.

CALGAINWDIRECZCJn OVE FLATANRT RK
2 ~~ ~ GI! NS)K, ERRTHWVM

AJOCDABS (CJ (1))
RR-R(A*AJ)

IF(DTHW.LE.0.)GO TO 322
D320 N-1,NTH

TH-DTHW* (N-i)
WRITE (6, 2) TH, G (N)
WRITE (17,2) TN G (N)

320 CONTINUE
WRITE (6,5)
WRITE (17,5)

322 Y11-CJ(1)
W11-1./Y11
DBBE10.*ALOG,1(GAIN!)

WRITE (6,2) HDL, DBE,THB,PR2,wllI WRITE t16,2)IIDL,DBB,Tx,P2,wll
C WMITE (17, 1) NSD, NSN, AL, EAR, CL, ER, FMC, EDL, BL, SIGC WRITE(17,5)

350 CONTINUE
400 CONTINUEI WRITE(6,5)

WRITE (16,5)
DBA-10. *ALOG1O 0GAINA)
WRITE (6, 2)DBA, TEA, R!, Zl
WRITE (16,2) DBA, TA, R!, Zl

500 CALL EXIT
CN

C

IC
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CI

SUBROUTINE GAINI (AR, CR,CJ, DTBD,G,GAZN,BK,WSD,NSW, GAR1.1

2 NTH,PR,THA,WAVM)

C SEPTEMBER 21, 1990.I
C CALCULATE DIRECTIVE GAIN G (N) FOR HoNopoLE ON DISK IN REE SPACE.
C ALSO PR - TIME-AVERAGE POWER RADIATED.
C GAINA -DIRECTIVITY IN FREE SPACE.
C TEA - ANGLE OF MAXIUMI GAIN IN FREE SPACE.

IMPLICIT REAL-8 (A-H), (P-Z)
compLEx*i6 c.7(1) , CJ, C.2, CQ, COS,KEK1, EK2,1K3,ET,ZTH, ETEDI
DIMENSION G(l)
DATA ETA, PI, TP/376.730366239, 3.14159265359, 6.28318530718/
SET-TP/WAVM
DED- (CR-AR) /SDI

VDKD-DCOS (DKD)
DR14.EX/NSW
CDK-DCOS (DKW)
SDK-DSIN(DEW)I

IF(CK.GT.HK)DE-CR
NS=10.*DK/PI
US-2* (NS/2)I

NTHNS+1
VTH-PI/NS
CQ-DOGPLX (.OD0,BET*ETA/ (4. 'PI*SDK))

C ZO-HDR

LS=10.*DED/PI

LS-2*(LS/2)
PR-.0

DO250 M4-1,2
C IF M-1, USE SIMPSON'S RULE INTEGRATION TO
C CALCULATE PR - POWER RADIATED.
C IF 14-2, CALCULATE TEE DIRECTIVE GAIN G (N) .

200 20IT-,
iF(NT.EQ.NTH)GO To 200

XT-m(.ODO, .0DO)I

C SELECT THE FAR-FIELD ANGLE TII - TEETA.
TN-DTB* (NT-i)
CTH-DCOS (TB)
STH-OSIN (TN)I
CQS-CQ/STH

C CALCULATE FAR-ZONE FIELD OF MO0DE #1 IN FREE SPACE.
El-Zo
Z2-Zl+DKW

APG-Z2*CTN

ARG-Z1 *CTN
EKl-DQIPLX (CUE, CTN*sDEJ DCHPLX (DCOS (RG) #DSIN(RG))
ZTB=CQS*C7(1) * (EX-1)I

CJ2-(.ODG, .000)

P=R4E+DXD
CALL EDIS~i (V.7,CJ.2 ,CT,DKD, TDLS,NU,7,M,30,STH,ZZT, S0)I

STEZT+ETB+ETHD
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I IF(NSD.LE.1)GO TO 100
C CALCULATE FAR FIELD FROM DISK CURRENT IN Jim SPCE GA31.2

DO 60 J-1,NSD
RK1=AK+ (J-1) *01I RK2-RK1+DKD
CJ1-CJ (3)
IF(J.EQ.1)CJ1-(.ODO, .ODO)
CJ2-CJ (J+l)
IF(J.EQ.NSD)CJ2-(.ODO, .000)

C EDISKI CALCULATES FIELD FROM ANNULAR ZONE J OF THE DISK.
C RK1 AND RX2 ARE INNER AMD OUTER RADIX OF ZONE J.

C CJ1 AND CJ2 DENOTE RADIAL CUR.RENTS AT INNER AND OUTER RDII.
CALL EDISKI (CJ1, CJ2, CTE, DKD,EZTBD, LS, RK1 tRK2, SDKD, STHBET, ZO)
ET-ET+ETHDI60 CONTINUE

100 IF(MSW.LE .1)GO TO 162
C CARLCULATE FAR FIELD FROM THE WIRE DIPOLE MODES IN FREE SPACE.

33N-1-
DO 160 J-1,3U
Z2-ZO+J*DKW
Z1-Z2-DKW
Z3-Z2+DKW
L-NSD+JI ARG-Z1 CTH
.K1-DCMLX(DCOS (ARG) ,DSIN(ARG))
ARG-Z2*CTH
EK2-DCHPLX COCOS (ARG) ,DSIN (AG))
ARG-Z3'CTH
EK3-DCHPLX (DCOS (ARG),D051W(ARG))
ETH=CJ (L) *COS* (EK1+E13-2. *CDK*EK2)
ET-ET+ETH

160 CONTINUE
162 AT-CDABS (ET)

ATS-AT'*2
IF (N.EQ.1) PR-PR+WF*ATS*STH
IF (M.EQ.2)G (NT) -ATS

IF (ATS.LT.GAINA) GO TO 200
GAINA-ATS
THA-57 .29578*THI~I 20F(M.EQ. 1) PR"TP*PR*DTB/ (3. *ETA*BET*BET)

IF(DTHD.GT.0.)GO TO 248

NTH-1
GO TO 250

248 WS-180./DTHD
NTH-NS+1I250 CONTINUE
G(1)in.0
6(NTH)-.0

9 NORMALIZE THE DIRECTIVE GAIN G(N).
CSTm4 .'P1/ (ETA*BET*IET*PR)I GAINA-CST*GA.INA
DO 300 N-1,NTN
GN-CST*G (N)
G (N)-_GN

300 CONTINUE

RETURN
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CU

2 NSD,NSW,NTH,PR,THB,WIVM)I

C SEPT. 21, 1990.I
C GAINB - DIRECTIVITY OVER FLAT EARTH.
C TRB - ANGLE OF MAXIMUM GAIN.
C CALCULATE DIRECTIVE GAIN G(N) FOR MONOPOLE ON DISR OVER FLAT EARTH.
C ALSO PR - TINE-AVERAGE POWER RADIATED INTO UPPER HALF-SPACE.
C DOUBLE PRECISIONI

IMPLICIT PJJTL*8 (A-H1), (P-Z)
COMPLEX*i6 CJ(i) ,CJI,CJ2,CQ,CQS
COMPLEX*16 EC,EKi,EK2,EK3,ET,ETH,ETMD,ETi,QST,RC
DIM4ENSION G (i)
DATA ETA, PI, TP/376.730366239,3.i4159265359, 6.28328530728/I
BET-TP/WAVM
DKD- (CR-AX) /NSD
SDRD-DSIN (DKD)
CUKD-DCOS (DAD)

K-DCOS (XV
DKW-DCSK/N
SDX-DSIN (DXV)
NEQ-NSD*NSW-2
DX.HX+HDK
Ir(CK.GT.DK)DXoCE

NS-2* (NS/2)
IF (NS.LT.90)NS-90

NTN-NS+1
DTH-PI/ (2. *NS)
CQ-DOGPLX(.OD,BETETA/(4.*PI*SDK))

LS-i . *DXD/PI
IF(LS.LT.4)LS-4

LS-2* (LS/2)

GAINB-.0
DO 250 M-1,2

C IF M-1, USE SIMPSON'S RULE INTEGRATION TO
c CALCULATE PR - POWER RADIATED.

C IF Mw2, CALCULATE DIRECTIVE GAIN G (N).
SGN--i.
Do 200 NT-1,NTH
iF(NT.EQ.1)GO TO 200I
WF-3 .ODOSGNO

IF (NT .EQ.NTH) HF-i.
C SELECT THE FAR-FIELD ANGLE TB THETA.

TII1DTH* (NT-i)
CTH-DCOS (TM)
STH-DSIN (TM)
CQS-CQ/STH
QST-CDSQRT (EC-STH*STH)I

C AC - REFLECTION COE1F1CIT AT AIR-EARtTH INTERFACE.
C

RC- (39C*CTH-QST) / (EC*CTH4+QST)
C CALCULATE FAR-ZONE FIELD OF MUCE #i.

z31!0 LX(DO (ARroi) , DSIW (ARGi))

ETi-DCMPLX (CDX, CTH'SDK) 'Zf
ARG2-Z2*CTH
EK"uDOWLX (DCOS (-ARG2), ,OSIN (AMG))
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XTH-EK.2-E1GV
EKi-DCONJG (EKi)
ETi-DCHPLX (CDK, -CTH*SDK) *ZKi
EK2-DCONJG (EK2)
ETH-CQS*C3 (1) * (ETHfRC* (EK2-ETi))Ii-Cil
CJ2-(.0D0,.OO

CALL EDISK2 (CJi, C2, CTH, DKD, ETHD, LS, RC, RK, RK2, SDKD, STH, BET, ZO)
ET-ET+ETH+ETHD
IF(NSD.LE.1)GO TO 100

C CALCULATE FAR FIELD FROM DISK CURRENT IN FREE SPACE.

DO 60 J-i,NSD

IF(J.EQ.i)CJi-(.0DO, .0D0)
CJ2-CJ (3+1)
IF(J.EQ.NSD)CJ2-(.ODO, .ODO)

C zDxsK2 CALCULATES FIELD FROM ANNULAR ZONE 3 OF THE DISK.
C RKi AND RK2 ARE INNER AND OUTER RADII OF ZONE 3.
C CJi AND CJ2 DENOTE RADIAL CURRENTS AT INNER AND OUTER RADII.

CALL EDISK2 (CJi, C32, CTH, DKD, ETED, LS ,C, KI, RK2, SDKW, 5TH, BET, ZO)
ET-ET+ETHD

60 CONTINUEI 00 IF(NSW.LE.i)GO TO 162
C CALCULATE FAR FIELD FROM THE WIRE DIPOLE NODES IN FREE SPACE.
C

3L-NSW-i
DO 160 3=1,33
Z2=ZO+J*DKW
Z1-Z2-DKN
Z3-Z2+DKW
L-NSD+J
ARG-Zi'CTH
EKi-DCHPLX (DCOS (ARG) ,DSIN (ARG))
ARG-Z2*CTH
EK2-DC3PLX (DCOS (ARC) ,DSIN (ARC))
ARG-Z3*CTH
EK3-DC)PLX (DCOS (ARC),DSIN (ARC))
ETH-EKi+EK3-2.*D*K
EKi-DCONJG (EuI)
EK2-DCONJG (EK2)
EK3-DCONJG (EK3)
ETM-CJ (L) *CQS* (ETH+RC* (EKi+EK3-2 . *CDK'1K2))
ET-ET+ETH

160 CONTINUE

162 AT-CDALS (ET)
ATS-AT**2
IF (N.EQ. i)PR-PR+WF*ATS*STE
ir(M.EQ.2)G(NT)-ATS
IF(ATS.LT.GAXKL)GO TO 200

GA!KL-ATS
TEL-57.29578*TH

200 SGN--SGNI IF (M. XQ.i1) PR-TP*PR*DTH/ (3. *ETA*BhT'LET)
IF(DTBD.GT.0.)GO TO 248
WS-i

GO TO 250I248 DTRm.01745329*DTND
KS-, 0. /DTBD

NTEKNS+i
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250 CONTINUE
G(1)-.0 1312.I

C NORMALIZE THE DIRECTIVE GAIN G(N).
CST-4. *Pl/ (ETA*BET*BET*PR)
GAINB-CST*GAINB

DO 300 N"1,NTHGN-CST*G (N)i

G(N)-GN
300 CONTINUE

RETURN
END

C
c

I
I
I
I
I
I
I
I
I
I
I
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IAPPENDIX C

COMPUTER PROGRAM RICHMD6 FOR THE INPUT IMPEDANCE, CURRENT
DISTRIBUTION, AND FAR-ZONE FIELD OF A MONOPOLE ELEMENT ON A

PERFECT GROUND PLANE

I
I
I
I
I
I
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1
I

C PROGRAM "RICHMD6. FOR"

C *
C THIS COMPUTER PROGRAM, IN FORTRAN LANGUAGE, WAS WRITTEN BY DR. *
C JACK RICHMOND OF OHIO STATE UNIVERSITY. IT USES A SINUSOIDAL-GALERIIN *
C METHOD OF MOMENTS TO COMPUTE THE INPUT IMPEDANCE, CURRENT DISTRIBUTIONS, *
C AND ANTENNA PATTERN OF A MONOPOLE ELEMENT OF LENGTH h AND RADIUS b ON A *
C PERFECT GROUND PLANE OF INFINITE EXTENT. A DETAILED DERIVATION IS *
C PUBLISHED IN REFERENCE 1. •
C *
C •
C REFERENCE: *
C
C 1) J.H. RICHMOND, "COMPUTER PROGRAM WAIT-SURTEES", REPORT *
C PREPARED FOR THE MITRE CORPORATION, 29 DEC. 1989. *
C *

C AN INPUT FILE NAKED ORICH6_IN.DAT".*
C *
C
C b/ A- AL w MONOPOLE ELEMENT RADIUS IN WAVELENGTHS *
C h/A . HL - MONOPOLE ELEMENT LENGTH IN WAVELENGTHS *
C bl/b . BAR - RATIO OF OUTER TO INNER CONDUCTOR RADII OF *
C THE COAXIAL LINE FEED. *
C w . CMM - CONDUCTIVITY OF MONOPOLE ELEMENT *
C (MEGANHOS/METER) *
C - -1 FOR PERFECTLY CONDUCTING MONOPOLE ELEMENT *
C IFLAG - FLAG FOR MONOPOLE ELEMENT CURRENT DISTRIBUTIONS *C - 0, MONOPOLE ELEMENT CURRENTS COMPUTED BY METHOD OF*
C MOMENTS *
C . -1, MONOPOLE ELEMENT CURRENTS WITH IDEALIZED *
C SINUSOIDAL DISTRIBUTION AND FOR INFINITE *
C CONDUCTIVITY OF THE MONOPOLE ELEMENT *
C f - FMC - FREQUENCY IN MEGAHERTZ *
C NOTE: IF CMM -1, IT IS NOT NECESSARY TO *
C SPECIFY AN INPUT VALUE FOR FREQUENCY *
C *
C *

C
C LINK CISI;FRILLS;TPLZ;TSPAR;ZSURF

REAL G(100),ANG(100) ,DIRECDB(100),DIRECRP(100),DIRMAX
INTEGER HALFNTH,NTH
COMPLEX COO, CJI, CJA, CJB, DELZ
COMPLEX EC,EGZ,EJH,EJS,ETA2,ETD,ETH
COMPLEX GM,GP,01,02,Q3,RC
COMPLEX Y11,Zll.ZFIN,ZINF,ZS,ZSG
COMPLEX CJ(99),GI(99),U(99),VJ(99),W(99),ZJ(99)
OPEN(UNIT-4,PILE-'RICH6 IN.DAT' ,STATUS-'OLD' ,READONLT)

TOPEN(UNIT-10,FILE-RIC OUT.DAT2,STATUS-NEI')
DATA ETA,PIO,TPD376.73036239,3.1T159265359,6.28318530718
DATA O, UO/8.854185336773-12,1.25663706144E-6/
DATA P2,9/1.57079632679,2.718281828/
DATA IDM/99/

c VAVN W WAVELENGTH IN FREE-SPACE (METERS). *
i C NOTE: NOT USED IF CNN m--. *
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3 FORKAT(8X,816.1O)
4 FORHAT(4X,BF11.5)

FORJIAT(5X)I

C INPUTS*

READ(4,*)AL,HL,BAR,CNM,IFLAG
IF(CHM.EQ.-1)GOTO 8
READ(4,*) PMC
VAVMm300. /FMC
CONTINUEI

C INPUT WIRITE STATEMENTS

CALL HEADING2(AL,HL,BAR,CMN,IFLAG)
AKLTP*AL
HX-T?*HL
SK.2.*HI(
E.JS.CNPLX(COS(SK) ,SIN(SK))
CNK.COS(HK)
SHK.SIN(HK)
EJH-CMPLX(CHK, SHK)
NS-15. *JfL,

IF(NS.GT. IDN)NS.IDM
IG-NS/2

IF(IFLAG.EQ.O)GOTO 43
CMM-1.

43 CONTINUE
NS-2*IG
N-NS-i
ZS.(.O,.O)
IF(CHM.GT.O. )CALL ZSURF(AK,CMM,FHC,ZS)

C ZS - SURFACE IMPEDANCE OF MONOPOLE WIRE.
DK-HR/IG
COK.COS(DK)
SDK-SIN(DC)

C ZJ(N) - FIRST ROW OF IMPEDANCE MATRIX FOR DIPOLE IN FREE SPACE,*
C USING GALERKIN' S METHOD WI1TH OVERLAPPING SINUSOIDAL BASIS FUNCTIONS. *

C (DIPOLE LENGTH - TWICE THE MONOPOLE LENGTH, USING IMAGE THEORY.) *

CALL TSPAR(AK.D9,N,ZJ)

IF(CM.LT.O.)GO TO 52

GLmSDK-DK*CDKI

zJ(1)SZJ()ZS*GK/P1
ZJ(2)..zI(2)ZS*GL/FH

52 112-i C*********0 a I
C SET UP THE MOMENT-METHOD VOLTAGE COLUMN VJ(K) FOR DIPOLE IN FREE SPACE.*
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CALL FRILLS(AK,BAR,DK,N,CJ)
DO 60 I-1,N
K-1.IABS(IG-I)

60 VJ(I)-CJ(K)

C ON THE WIRE DIPOLE IN FREE SPACE. (THE IMPEDANCE MATRIX IS TOEPLITZ.)

I CALL PRCURR
CALL TPLZ(CJ,U,VJ,V,ZJ,IBR,IVR,112,N)
WRITE( 10,521 )CHAR( 12)

I C ZINF - IMPEDANCE OF MONOPOLE ANTENNA OVER INFINITE GROUND PLANE. *

CALL HEADING2(AL,HL,BAR,CHM,IFLAG)

RIN-REAL( ZINF)
XIN-AIMAG(ZINF)
CALL PRRES(RRAD,RIN,XIN)
Yll*CJ(IG)-
PD- .0
PIN-REAL( Y1 )--

PRAD-PIN-PD
EFF-100. *PRA/PIN
DTH-2.
NTB-1 .+90. /fYH

DO I-1,NTH
ANG(I)-(I..1)*DTH
TH.ANG( I)

CALL GAIN(CDKc,CJ,DGAIN,DK,U,HK,N,PRAD,SDK,TH,VJ,WAVM)

G(I)-DAO *

END DO

C DO 1,NTH1,9

C VRITE(1,2)ANG(I),G(I),ANG(I.NTH),G(INTH)
C END DO

C OUTPUTT STATEMENTS FOR PAR-FIELD PATTERN HEADINGS (WITH EARTH)

VRITE(10,850)I 850 FORMAT(//lX,
'EILEVATION' ,5X, 'DIRECTIVE' ,6X, 'DIRECTIVE' ,5X, 'RELATIVE' ,12X,

& 'ITVATION ,5X, 'DIRECTIVE' ,6X, 'DIRECTIVE' ,5X, 'RELATIVE'
VRITE( 10,852)

852 FORMAT(3X, 'ANGLE' ,9X, 'GAIN' ,11X, 'GAIN'.9X, 'POWER',I I& 16X,'ANGLE',9X,'GAIN',111,'GAIN',9X,'POVER
VRITE(1O,854)

854 FORNAT(3X,'(DBG)',7X,'(NUN ERI C)',8X,'(DBI)',91,'(DB)'
4 16X,'(DEG)',7Z,'(NIJMERIC)',81,'(DBI)'9,'(DB)',/5X)
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IF(G(N) .NE.O)DIRECDB(N).1O.O*LOG1O(G(N))
IF(DIRMAX.LT.DIRECDB(N) )DIRMAX=DIRECDB(N)

END DO
DO N-1,NTH

DIRECRP(N) -DIRECDD(N)-DIRMAXI

C OUT~PUT STATEMENTS FOR FAR FIELD-PATTERN (WITH EARTH)

HALFNTH - NTB/2

DO N=1,HALFNTH
IF( G(N).NE.O) THENI

VRItTE(1O,750)ANG(N) ,G(N) ,DIRECDB(N) ,DIRECRP(N),

& ~ANG(N+e.ALFNTH) ,G(N+BALFNTH),DIRECDB(N+eHALFNTH),
& DIRECRP(N.HALFNTE)

750 FORNAT(3X,F4.0,2Fl6.5,F13.5,14X,F4.O,2F16.5,F13.5)I
ELSE(1,0)N(),N(+AFT),(+AFT

& DIRECDB4)AN (N,AG(HALFNTH) , E(N+ALFNTH)

604 FORNAT(3X,F4.O,9X,'O.00OOO',7X,'-INFINITY',4X,'-INFINITY',
& EN F 14X,F4.0,2Fl6.5,Fl3.5)I

END DO

320 CONTINUE3

CLOSE(UNIT-4,STATUS.' KEEP')
4CLL EXUIT-1,T I-KE'
40CLL EXUIT.OSTTS'EF)

END
C
C

SUBROUTTINE GAIN(CDK,CJ,DGAIN,DK,ETT,HK,N,PRAD,SDK,TB,VJ,
& VAYN)

COMPLEX CJ(1),ETT(l),VJ(1),COO,ETH,ETD
DATA ETA/376.727/

COOmCHPLX( .0,2./ETA)
CTB.COS( .0174533*TB)
STH.SIN( .0174533*TE)

ETDe-(.O0, .0)U

& ETD-60.*(.0,1. )*(CDgV.CS(DK*Cf))/(SDK*STH)
Zu-HK.DK
ETH..(.O,.O)
Do 125 I1,NI

MSGZ*CTH
ETT (I)-ETD*CMPLX(COS(ANG) ,SIN(ANG))
VJ(I).CQQ*ET(I)*VAVK
IP(PRAD.GT. .0)ETB.ETBCJ(I)* ETT (I)I
IF(PRAD.LT. .0)CJ(I)oVJ(I)

125 Z-Z+DK
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I IF(PRAD.GT..0)DGAIN-(CABS(ETB)**2)/(30.*PRAD)
RETURN
END

SUBROUTINE PRCURR

C OUTPUT STATEMENTS FOR CURRENT DISTRIBUTIONS

WRITE(10,502)
502 FORMAT(///17X,'CURRENT DISTRIBUTIONS ON MONOPOLE')VIRITE(10,506)

I506 FORKAT(/5X,'I',I2X,'CJll)',15X,'CJ(I)',14X,'CJ(1)')
VRITE(10,508)

508 FORMAT(17X,'(NORM)',15X,'(MAG)',BX,'(PHASE IN DEGREES)1,5X)

RETURN
END

C
CI SUBROUTINE PRRES(RRAD,RI ,XI)

C OUTPUT STATEMENTS FOR RADIATION RESISTANCE, INPUT IMPEDANCE, AND *
C RADIATION EFFICIENCY *

C
REAL*8 ETA

C
VRITE(10,954)RRAD1 954 FORNAT(lX,'RADIATION RESISTANCE IN OHMS, Rrad',
& ' (by integration of radiation pattern)',
& 5X,'Rrad = ',F1O.4 )

I ;WRITE(10,952)RI,XI

952 FORMAT(IX,'INPUT IMPEDANCE IN OHMS, Rin + jXin',
& 42x,'Rin - ',F11.4,
& /77X,' Xin - ',F11.4 )
ETA-RRAD/RI
WRITE(10,956)ETA

956 FORMAT(lX,'RADIATION EFFICIENCY, ETA Rrad/Rin ',
& 40X,'ETA - ',FIO.3)

RETURN
END

C
C
C

SUBROUTINE EARTHTYPE

C PRINTS OUT THE PROGRAM NAME AND EARTH TYPE *

C
C

INTEGER CASE
CBARACT R*40 TYIRARTB

TYPEARTH - ' PERFECT GROUND'
CASE - I
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1 IRITE(1O, 100)CASE,TYPFARTE
100 PORMAT(///21X,'PROGLAM RICHMD6',5X,'CASE NO. 1,12,1,',(A))

C
C

SUBROUTINE HEADING2 (AL,HL, BAR, CMN,IFLAG)I
C PRINTS THE HEADINGS FOR OVER FLAT LOSSY EARTH
C

C PROGRAM DESCRIPTION AND ECHOED INPUT (WITH EARTH)*

C
CALL EARTHTYPE
WRITE(10,224)AL

224 FORMAT(/lX,'MONOPOLE ELEMENT RADIUS IN VAVELENGTHS, AL' ,35X,
A 'AL . ',F18.10)
VRITE( 10, 226)HL

226 FORMAT(lX,'NONOPOLE ELEMENT LENGTH IN VAVELENGTHS, BL',35X,I
A 'HL - ',F18.10)
VRITE(10,228)

228 FORMAT(1X,'RATIO OF OUTER TO INNER CONDUCTOR RADII OP THE',
A 'COAXIAL-)

230 FORMAT(lX,' LINE FEED, BAR' ,62X,'IAR - ',FlO.3)
VRITE( 10,83)

83 FORMAT(lX,'CONDUCTIVITY OF MONOPOLE ELEMENT (MEGAMMOS/METER)',
A ',CM ') I
VRITE(10,84)CM

84 FORMAT( lX,' - -1 FOR PERFECTLY CONDUCTING MONOPOLE ELEMENT',
A 30X,'CMM - ,FlO.3)
VRITE(10,36)I

36 FORMAT(1X,'FLAG FOR MONOPOLE ELEMENT CURRENT DISTRIBUTIONS',
A ', IFLAG')
VRITE( 10, 37)

37 FORMAT(lX,' - 0, MONOPOLE ELEMENT CURRENTS COMPUTED BY METHOD',
A 'OF')I
VRITE(10,11)

11 FORMAT(7X,'MOMENS')
VRITE(10,38)

38 FORKAT(1X,'I - -1, MONOPOLE ELEMENT CURRENTS VITH IDEALIZED',U
A ' SINUSOIDAL')
VRITE(1O, 12)

12 FORMAT(SI, 'DISTRIBUTION AND FOR INIFINITE CONDUCTIVITY OP THE')
VRITE(10,13)IFLAGI

13 FORMAT(BX,'NONOPOLE ELEMENT' ,54X,'IFLAG - ",14)
IF(CMN.EO.-1)GOT0 88
VRUTE(10,86)FHC

86 FORMAT(11,'FREQUENCY IN MEGAHERTZ, FNC',41X,'PNC - ',FB.3)

88 CONTINUE

C
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C SUBROUTINE CISI

SUBROUTINE CISI(CI,CIN,SI,X)

C Standard IBM Fortran Subroutine with slight modifications.*
C COSINE INTEGRAL AND SINE INTEGRAL.
C X -ARGUMENT (REAL AND POSITIVE).I C CI *Ci(x). *
C SI -Si(x).
C CIN =Cin(x).

DATA GAM,P2/.57721566,l.57079632/1-BSX
IF(A.GT-d..)GO TO 10
IF(A.GT. .l)GO TO 3
IF(A.GT.O.)GO TO 2

CI-.0

1 ~ ~~~~~~SI.X*(((((X1.3 241E9*+l.698) )Y13468~)Y6998E4

C*Y+ . 964882E-2 )*Ye4. 395509E-1)
CIN- A*A*(((((1 .386985E-10*Y+1.584996E-8)*Y
C1. 725752E.-6)*Y+1. 1S5999E-4)*Y+4.990920E-3 )*Y+1 .315308E-l)

8 CI.GAMiALOG(A)-CIN

C.6 . 250 4011- 4*. 8 99E-*-.143)Z5557E-)Z7214E
C*+.876-)Z3321E3*-.167-)Z1145E5*I+.501E2*+.538E1
CI.Z*(SI*V-Y*U)
SI.-Z*( SI*UT*V),P2
IF(X.LT. .O)SI.-SI
CIN=GAN+ALOG(A)-CI
RETURN
END

C

C

C SUBROUTINE FRILLS*

SUBROUTINE MRLLS(hK,RAR,MD,NEQ,VJ)

C VJ(I) - voltage column for perfectly conducting wire dipole in*
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C free space using Galerkin's method and sinusoidal 
bases, and*

C matching the boundary conditions on the surface of 
the wire.

C Using agWetic-frill model for center-fed 
dipole.*

REAL*8 DZS,RSIRS2
COMPLEX EGz,GM,GP,GI(20),VJ(1),GII,QST,VST
DATA Fl ,TP/3. 14159265359,6.28318530718'
IDM-20
DO 20 I*1,NEQ3

20 VJ(I).(.0,.O)

IF(BAR.LE.1.)REr"RN
VJ(l).(.0, .0)I
NSV-NEQe1
SDL.SXN(DC)
CIE.COS(DK)
BALALOG(BAR)3
QST..C1PLX(.,1./(4.*BAL*SDQ))
BK=AK*BAR
AKSvAK*AC
BKSwBK*BK
LIMwNSV.1
IF(LIM.G;T. 1D1)LIN=1D4
NPH-6

Na2*(NPH/2)
NPP.NPH+l
PRA-s.017453

3*2O.U

PH- .0
DO 90 LPa.1,2
VST:DPH*OST/ (3.**PI)3

DO So IPHW1,NPP
VF.3.+SGN
IP(IPB.EQ.1)VF. 

3
IF(IPB.EO.NPP)WF.l.
CHCOS(PH)

IF(IPg.GT.l)GO TO 40
IP(LPB.G;T.1)GO TO 40
CPB=COS(DPDIIO.)

40 RSI*2.*AKS*(1.-CPH)
RS2*AKS+BKS-2. *A*BK*CPH

R9l.DSOIT (RS2)

CAL.L CISI(CA.CIN,SA,RBl)

CALL CISI(CBCIN,SB,RH2)
GI(l)-2 .*CMPLI(CB-CA, SA-SB)

DO 50 Iw2,LIM

DZSDZ*DZ

RA-DSQRT(RSI+DZS)
RI.DSQRT(iIS24DZS)
CALL CISI(C1,CrN,S,RAD)3
CAL CISI(C2,CIN ,S2,RB'4Z)
G?.CKPLZ( C2-C1, Si-S2)
RAN.RSI/ (iA4D%)
33I4RS2/ (134DZ)

CALL CISI(C2,CI , S2,RAM)I
CALL CISI(C2,CIN,S2,RBN)
GHMLI(C2 -CI, Si-SI)
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IEGZ-CHPLX(COS(DZ),SND)
50 GI (I )-GP*EGZ+GM/EGZ

VJ( 1).VJ(1 ),VF*VST*(GI(2)-CDK*GI(1.N)
IP(NEO.LE.1)GO TO 78

DO 60 I-2,NEQ

K2-Kidl
K3.K2+1
IF(K3.GT.IDN)GO TO 60
GP-GI(Kl)-2 .*CDK*GI(K2)+GI(K,3)
VJ(I)=VJ(I)+VF*VST*GP

60 CONTINUE

DPB.(PI-PHA)/NPH
90 PHOPHAI VJ(1).2.*VJ(1)

RETURN
EDD

CIC
CSURUIETZ

SUBROUTINE TPLZ(C,U,VJ,V,Z,IER,IVR,112,NEQ)

C MODIFIED VERSION OF SUBROUTINE FURNISHED BY CHARLES KLEIN.
C SOLVES SIMULTANEOUS LINEAR EQUATIONS.*
C SET IVR -(I OR 0) TO GET (PRINTOUT OR NO-PRINTOUT).*

C SET 112 - 2 IF MATRIX Z HAS ALREADY BEEN INVERTED ON PREVIOUS CALL.SEI21 FRSCL, EEM RXNESOIREU E.
C HBO - NUMBER OF SIMULTANEOUS LINEAR EQUATIONS.
C Z(J) IS THE FIRST ROV OF THE TOEPLITZ IMPEDANCE MATRIX*

CVJ(J) -INPUT VOLTAGE COLUMN*
C C(J) -OUTPUT CURRENT COLUMN
C UMJ AND V(J) ARE VORK ARRAYS OF LENGTH NEO
C IF IER a 0 , NO ERROR OCCREDI COMPLEX C(1),U(1),VJ(1),V(1),Z(1)

COMPLEX ALMDA,ALPA,C1,C2,COEF,FAC,TAU1,V,V1,V2
2 FORMAT(X,5,7,F.4,7X,F15.7,7X,FlO.1)
7 FORKAT(5X)

IF(NEQ.CT.1)GO TO a
C(1)u.VJ(1)/Z(1)
CNOR.CABS(C(1))
GO TO 100

8 IF(I12.NE.1)GO TO 45
N-NEO-1
IER=O

C NORMALIZE INPUT MATRIX

TAU1.Z(l)
DO 10 11.1,3

10 Z(1I).Z(II+1)/TAUiI ALMDAui._Z(1)*Z(1)

1-21 15 KR-I
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ALPHA.GO,.0)3
DO 20 N.1,KK
LL=I-H

20 ALPRA-ALPHA.U(M)*Z(LL)
ALPHA--(ALPHA+Z(I))I
IF(CADS(ALPEA).EO. .O)GO TO 130
COEFmtALPHA/ALADA
ALHDA-ALMDA-C0EF*ALPHA
DO 30 Jml,KK

30 V(J)ftU(J)+COEF*U(L)

DO 40 J-1,KK
40 U(J)..V(J)

U(I )wCOEFI

GO TO 15

C THE FOLLOVING COMPUTES THE BLEMS OP THlE INVERSE*U

45 NB-(NEO.1)/2
FAC=ALMDA*TAU1

DO 90 I.1,NH
IF(I.NE.1)GO TO 55

V( 1).1. /FACU
50 V(J).U(J-1)/FAC

GO To 70
55 C1-U(I-1)

NPI-NP-II
C2=U(NPI)
DO 60 JJn1,N
J-NF-JJ
NPJ-NP-JU

60 V(J)..U(J-1)+(C1*U(J-1)-C2*U(NPJ))/FAC
V(l)-U(1-1)/PAC

C MATRIX MULTIPLY*

Vlo(.0,.0)
DO So J-1NMEO
V2-VJ(J)I
V.V+V2*V(J)
NPJ-NP-J

80 V1-VlV2*V(NPJ)

C(I )-V

C(WFI)ftV1
IF(IVR.LE.O)GO TO 90
CA-CABS(V)3
lF(CA.GT. CNOR)CHOSwCA
Ci~.C6S(Vl)
IF(CA.GT .OINt)CORa.CA

90COMTINU
100 IF(IVR.LL.O)GO TO 120

C IM T THE SOLUTION FOR THE CURRENTS C(J)
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DI..,(NEO+1)/2
V.C(I)I CA-CABS(V)
CN-CA/CNOR
PU-. .
IF(CA.GT.0. )PU.57.29578*ATAN2(AIMAG(J),REAL(V))
IF(I.NE. ((NEO+l)/2))VRITE(1O,2)I,CN, (CA*2),PH

10 IF(I.EO.((NEO+1)/2))VRITE(1O,22)I,O4,(CA*2),PB

INID
S2 EUROUIES

C SUBROUTINE TSPARIEZ

C TSPAR sets up the impedance matrix Z(J).
C Z(J) . First row of impedance matrix for perfectly conducting
C thin-vire dipole in free space, using Galerkin's method vithI C overlapping sinusoidal basis functions and matching the
C boundary conditions on the surface of the wire.
C AK - k*a, where k - 2*pi/laubda and a - wire radius.*
C DK - k*d, where d - segment length.*
C NEC - number of simultaneous linear equations.*

COMPLEX CEM,CEP,EM,EPD,END2,EPD2,Z11,Z22,G11,Ol1I DIMENSION CID(90),SID(90),CH(90),CP(90),SM(90),SP(90)
DATA GA,P2/.577215664, 1.57079632/
DATA ETA,PI/376. 727,3.14159/
IDN-90I 1 PORMAT( 3X, 'MUST INCREASE DIMENSIONS IN SUBROUTINE TSPAR')

2 FORMAT(3X,'ACTUAL DIMENSION 1DN - ,15,6X,
2'RBOUIRED DIMENSION NAX2 -',15)

IP(NEQ.LE.O).ETU.N
KAX2wNEO.2
DO 14 Iol,NEQ

14 Z(I).(.O,.O)
IF(MAX2.LE.IDN)GO TO 16
VRITE(10, 1)I ~vRITE(10,2)IDN,MAXW
RETURN

16 TDK-2. *DK
s110.
S13-T1K
S21.DK
S23-3.*
DO 20 N.1,MAX2
I.N-2

DZmI*DK
CID(N)=COS(DZ)II()SI(Z
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20 EID(N)wCNPLx(CID(N) ,SID(N))I
CD4K.COS(DK~)
SDIK.SIN(DK)
EPD-CNLX(CDK, SDIQ

EMD-CHPLX(CDK, -SDK)I
EPD2uEPD*BPD
EHD2-BMD*SM
CEH.2 .*CDIEjD
CEP-2 . *CDKPD
AM2.AK*AKI
CSS-STA/(B. *PI*SDK*SDK)

NPU.2*(NPH/12)
NPP-NPH.1

DPU.PHA/NPU
PH.
DO 100 JP3.1,2I
CSTu.DPH*ETA/ (24. *PI*I*SDK*SK)
C22-DPH/ (3. *PI)
SGN-1.
DO 80 IPH.1,NPP
CPH.COS(PH)I
SPH-SIN(PD)
IF(IPH.GT.1)GO TO 30
IF(JPH.GT.1)GO TO 30
PHO..DPH/1O.I

SPH=SIN(PHO)
30 R~usAK*SPU

RS..2.*AE.2*(1.-.CPH)
RK-DSORT(RS)I
VF.3 . SGN
IF(IPD.EO.1)VF.1.
IF(IPH.EO.NPP)VF-1.3

V22-VF*C22
DO 40 N.1,KAX2
I-N-1
DZwI*DK
DZSuMD*DZ
RoDSORT(RS+DZS)
ARG=R+DZ
IF(N.2O.2 1MM-RK
CALL CISI(CP(N),CIN,SP(N),hRG)

IF(N.CT.1)GO TO 38

SH(1)SP(1M

GO TO 40
38 ARG=RS/hRG

CALL CISI(CM(N),CIN,SH(N),AhM)

40 CONITI=U

3.2 .*SID(3)*(-sK(3)-2 .*sN(2)-2.*CPl).C(2),S P(3))I

C.2.*CID(3)*(-SN(3),2.*SN(2)-2.*SP(1),2.*SP(2)-SP(3))
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Z(l1)aZ( 1 )e.ST*CMPLX(R,X)
IF(NEQ.EO.1)GO TO 70
R.2.*CID(2)*(-CH(3)+3.*CM(2)-4.*CP(1)+3.*CP(2)-CP(3))

FCID(4)*(,CN(4)-2. *OE(3)+cN(2),CP(2)-2.*CP(3),CP(4))
G+SID(4)*(-SM(4)+2 .*SM(3)..SM(2).SP(2)..2 .*S()S(
Xn2.*CID(2)*(SM(3)-3.*S4(2)+4.*SP(l)-3.*SP(2)+SP(3))

B ,2.*SID(2)*(CM(3)-2.*CH(2),2.*CP(2)-CP(3))

Z(2)-Z(2)4VST*CKPLX(R,X)
IF(NEQ.EQ.2)GO TO 70

H2.N-2

N2=N.2
CPA-CP(M2)-2 .*CP(M1),.CP(N)
CPB-2 *CP(N).CF(M1)..CP(N1)
CPC-CP(N2)-2 .*CP(Nl),.CP(N)

SFA-SP(M2)-2 .*Sp(M1),SP(N)

SF1.2 .*SP(N)SPN(M1)SM(N1)
SC.SPC(N2 )-2 .*SF(N1).SP(N)

SKA.SN(M2 )-2 .*SM(Ml),SM(N)
SHB.2 .*SM(N)-SN(Nl)-SM(M1)I SMC-SN(N2 )-2 .*SM(N1 )+SM(N)
R.CID(N2)*(CPA+CNA)+2.*CID(N)*(CPB+CMB)+2. *SID(N)*(SPB-S4J)
K ,CID(N2)*(CPCCMC),SID(N2)*(SPC-SMC)
IF(N.GT. 3)R=R+SID(M2)*(SPA-SMA)I X.-CID(M2)*(SPA+SMA)-2.*CID(N)*(SPB+SMB),2.*SID(N)*(CPB-CMB)
L -CID(N2)*(SPCSMC),SID(N2)*(CPC-CNC)
IF(N.GT. 3)X=X+SID(I42)*(CPA-CHA)

60 Z(N).Z(N),VST*cMPLX(R,X)
70 PU-PH.DPHI80 SGN--SGN

DP~w(PI-PHA)/NPH
100 PH.PHA

RETURN

C SUBROUTINE ZSURP

SUB3ROUTrINE ZSURF(AK,CNN, FNC, ZS)

C ZSURF calculates the surface impedance ZS for thin vire.
C AK k*a where k a 2*pi/lambda and a - vire radius.*
C CNN -conductivity of vire (megaahos/meter)
C CNN r-1 for perfect conductivity.
C FMC f frequency (megahertz).

IDATA ETA,STT/7.22,.42366815/
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IF(X.GT.8.)GO TO 50I
T-X/8.
T2.T*T
T4aT2*T2
BER.((((((-.9O1E.5*T4+. 1225S2E-2)*T4-.O83496Og)*T41

2+2.641914)*T4.-32.363456)*T4.113.7777e)*T4-6h. )*T4.1.
BEIm((((((.113d6-3*T4-.011O3667)*T4+.52185615)*T4
2-10.56765S)*T4.72.817777)*T4-113.77778)*T4+16. )*T2
BERPmX*T2*((((((-.394E-5*T4+.45957E-3)*T4-.O2609253)*T4I

2..66OI.7849)*T4-6.O681I.B1)*T4+14.222222)*T4-4.)
BEIP-tX*(((((( .46O9E-4*T4-.379386E-2)*T4+.146772O4)*T4

2-2.3116751)*T4+11.377778)*T4-1O.666667)*T4+.5)
BES-CMPLX(BER,BEI)
DESIm. 77107*CNPLX(BERP-BEIP, BERP+BEIP)I

50 XP=.7071O681*X

F.((:.45925Xl,. 390625E-.2)*21+.08S38835)*Xl,1.I

T.((-..O46O3559*X1-.0625)*X1-.08B38835)*Xl-.3926g9O7+XP
BES-P*CMPLX(COS(T) ,SIN(T))
F.(( .11290231*X1..O3515625)*Xl-.2651650S)*Xl..
T.(( .1160097*Xl+.1875)*Xl,.26516505)*X141.1780972.XPI
BES1mF*CMPLX(COS(T),SIN(T))

100 ZS---CHPLX( 1. ,-1. )*ETA*BES/BES1/SQT/SQSWE
RETURN
END
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i APPENDIX D

i COMPUTER PROGRAM WAIT-SURTEES FOR THE INPUT IMPEDANCE OF AI MONOPOLE ELEMENT ON A DISK GROUND PLANE ABOVE FLAT EARTH
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I
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COMPUTER PROGRAM WAIT-SURTEES
by

JACK 11. RICHMONDI December 29, 1989

INTRODUCTION'
Appendix I presents Richmond's com~puter programi WAIT-SURTEES.FORItogethler with tile subroutines (151, FRIILLS, TPLZ, TSPAR slid ZSL1JRF.

This FORTRAN programn calculates t ire inipedlance of a vertical irnojoipole
antenna centered onl a circular flisl~over tile flat lossy earth. This programl
comlbinles thle following:

a) Richmond's niomentintinld for thle impedance Z,, of a vertical

b) The theory of Wait arid] Svirtees; for the change LZ in tlre antenniaI impedance, where 6Z = Z1 - Z-~ and Z1 dlenotes the impedance of thre
vertical nionopole air a finite circular grounid plane over thle flat eArth.

See: Ji. R. Wait and W1. J. Siirtres, "Iipedance of Top-Loaded Antenna1 of Arbitrary Length Over a Circular Urounded Screen," J. Appi. I'hys.,
Vol. 25, pp. 553-55T), May 1954].

Cornment statemnts have beenr inserted in the mnaini comnputer programnI and in each subroutin~e to assist the imer. Only a few brief additional
comiments will be required in this Int roduction.

In calculating Z., the nionopole is divided into segnient s of equal length1
and tire unknown current distrib~ution is expanded in overlapping 51101-I soidial basis functions. Thus, 1(:-) is taken to be piecewise sinusoidal. Tile
miagnetic-frill model is employed (rathier than the slice- genreraltor mnodel I,
and boundary matchring is enforced onl the surface of thle muonopole rat her
than onl the axis. The wire radius is assumed to be muchr sirraller thran

the wavelengtlr. Thle wire nmonopole many be itasigiied perfect col(linctiu-

ity or finit~e conduictivityv as desiredl. With Calerkin's method, thle calcu-
hated imlpedlance Z,. is believed to be accurate for shrort, inediuna aird lung

'Appreciation is exptesseA to The MITRE Corpotntinn (nr %pnworing thist report .
The computer program WAIT-SURTEESFOR was developed

by Richnmond in 1979 with other sponsorship.
*of infinite conductivity
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monopoles. If tile monopole length exceeds 6 wavelengths, however, one 3
may wish to increase tile dimensions (1DM=99) in the main program and

subroutine TSPAR.
In the theory of Wait and Surtees, the moropole is assumed to have a

simisoidal current distribution. (It does ntm appear difficult to generalize
this t.o a piecewise-sinusoidal distribution, ut we have not attempted this.)
Since the current distribution departs significantly from the sinusoidal morin
when the monopole length exceeds one-half wavelength, AZ and Zf may 1
begin to lose reliability as the monopole length increases. We have not

investigated this possible problem.
Appendix 11 presents the output data generated by WAIT-SURTEES.FOR I

on a VAX computer with the same input data indicated in Appendix 1. This
out put shows excellent agreement with the original results obtained in 1979
on a DATACRAFT computer. This indicates that no additional double-
precision operations are required for VAX operation. I

Richmond has shown that WAIT-SURTEES.FOR is useful even for
a monopole antenna on a circular disk in free space. {J. 11. Richmond,

"Monopole Antenna on Circular Disk," IEEE Trans., Vol. AP-32, pp. 1282- U
1287, December 1984). For this case, set ER=1 and SIG=O in the main
program.

In WAIT- SURTEES.FOR the minoole is centered onl a circular dlisk
which may lie on the surface of the eart h, or it may be located any distance
above the earth surface. In the main program lIDL denotes the height of

the circular disk above the flat earth, measured in free-space wavelengths.

For a monopole on a circular disk on the surface of the earth, Rich- I
mond has shown satisfactory agreement between WAIT-SURTEES.FOR
and Richmond's moment method (which enforces the boundary conditions

to determine the current distributions on the monopole and the disk). See: I
{J. H. Richmond, "Monopole Antenna on Circular Disk Over Flat Earth,"
IEEE Trans., Vol. AP-33, pp. 633-637, June 1985.]

In the output data of Appendix II, the resistance RFIN is plot ted as the

dashed-line curve of Figure 5 in IRichmond, 19851. The reactance XFIN in
Appendix II should have been plotted as the dashed-line curve of Figutre 6
in [Richinond, 1985]. By mistake, however, the dashed-line curve of Figure

6 shows the output of WAIT-SURTEES.FOR for a monopole on a circular
disk in free space.

2
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Appendix I. WAIT-SURTEES.FOP

I
c WAIT-SURTEES.FOR WAIT.A
C IMPEDANCE OF MONOPOLE AT CENTER OF CIRCULAR DISK ON FLAT EARTH.
C SEE: WAIT AND SURTEES, "IMPEDANCE OF TOP-LOADED ANTENNA OFC ARBITRARY LENGTH OVER A CIRCULAR GROUNDED SCREEN, " J. APPL. PHYS.,C VOL. 25, PP. 553-555, MAY 1954.
C LINK CISI;FRILLS;TPLZ ; TSPAR;ZSURF

COMPLEX CQQ, CJI, CJA, CJB, DELZ
COMPLEX EC, EGZ, EJH, EJS, ETA2, ETD, ETH
COMPLEX Gm, GP, Qi,2, 3, RC
COMPLEX YIi,Z11,ZFIN,ZINF,ZS,ZSG
COMPLEX CJ(99),GI(99),U(99),VJ(99),W(99),ZJ(99)

DATA ETA,PI,TP/376.730366239,3.14159265359,6.28318530718/
DATA EO,U0/8.854l8533677E-12,1.25663706144E-6/
DATA P2/1.57079632679/
DATA IDM/99/

C AI,AL,AM - RADIUS Or MONOPOLE WIRE IN (INCHES,WAVELENGTHS,METERS).
C BAR - RATIO OF OUTER RADIUS AND INNER RADIUS OF COAXIAL FEED.
C BL,BM - OUTER RADIUS OF CIRCULAR DISK (WAVELENGTHS,METERS).
C CMN - CONDUCTIVITY (MEGAMHOS/METER) OF MONOPOLE WIRE.
C CMm - -1. FOR PERFECTLY CONDUCTING MONOPOLE.
C ER - RELATIVE PERMITTIVITY OF EARTH.
C FMC - FREQUENCY (MEGAHERTZ).
C HDL " HEIGHT OF CIRCULAR DISK ABOVE THE FLAT EARTH (WAVELENGTHS).
C HDL - -1. FOR CIRCULAR DISK ON THE SURFACE OF THE EARTH.
C HL, HM - LENGTH OF MONOPOLE (WAVELENGTHS,METERS)
C SIG - CONDUCTIVITY OF EARTH (MHOS/METER).
C WAVM - WAVELENGTH IN FREE-SPACE (METERS).

2 FORMAT(X,8F11.5)
5 FORMAT (iHo)

AL.003
BAR - 3.
0*M1.
ER-4.
FMC-300.
HL-.229
SIG- .001

WAVM.300./FMCIWR-1
OMEG-TP*FMC*l .E6
EC-CMPLX (ER, -SIG/(OMEG*EO))
ETA2-ETA/CSQRT (EC)
AKTP-AL
HKTP*HL
SK-,2. *MREJS-CMPLX(COS(SK), SIN (SK))
CHK-COS (NK)

SMK:SIN (KK)
EJH=CMPLX (CHK, SHK)
NS-15 . *HL
IF(NS.LT.6)NS-6
IF(NS.GT.IDN)NS-IDM
IG-NS/2
NS-2*IG
N;NS-1
Z (.0, .0)lF (CM4. GT.0. ) CALL ZSURF (AK, CMM, FMC, ZS)

C ZS - SURFACE IMPEDANCE OF MONOPOLE WIRE.DR,,H/IG
CDK COS (DR)
SDK:SIN (DK)

C ZJ(N) - FIRST ROW OF IMPEDANCE MATRIX FOR DIPOLE IN FREE SPACE,
C USING GALERXIN'S METHOD WITH OVERLAPPING SINUSOIDAL BASIS VUNCTIONS.
C (DIPOLE LENGTN - TWICE THE MONOPOLE LENGTH, USING IMAE THEORY.)

CALL TSPAR(AJK,D,N,ZJ)
IF(CIHM.LT.0.)GO TO 52
G7-2. * (DK-CDK*SDK)

* D-5



GL SO -DK*CDK WAYT. 2

ZJ(1) -ZJ (1)+ZS*GX/FN
ZJ (2)-Z3(2)+ZS*GLIFH

52 112-1

CALL FRILLS(AR,BAR,DK,t4,CJ)
DO 60 1-1,N4
X-1+ZABS (IG-1)

60 Vj(I)..CJ(K)1
C SOLVE THE SIMULTANEOUS LINE.AR EQUATIONS TO DETERMINE THE CURRENTS CJ(4)
C ON4 THE WIRE DIPOLE IN FREE SPACE. (THE IMPEDANCE MATRIX IS TOF.PLITZ.)

CALL TPLZ(CJ,U,VJ,W,EJ, zEPw..IP,112,14)

C ZINF - IMPEDANCE OF 140NOPOLE ANTENNA OVER INFINITE GROUND 7'L.ANF.
ZINF-.5/CJ(IG)I
WRITE (6, 2)AL, ML, INT

WRITE (15,2)AL, ML, ZINY
WRITE (6,5)

WRITE (15,5)
HDL--1.

HD)K-TP;*MfLI

IF(HDL .LE. .O)GO TO 70
RC-~(ETA2 -ETA)/iZ 2+ZTk)
E~i-C)'LX (COS (MDX),SIN (HDK))
ZSG-ETA* (EJH+RC/EH) / (EJH-RC/E3N)

10 CONTINUEI

BL-.1-IBL
SK-TP*BL
RK-SQRT (BK*BK+HiXK)

C ZINF - IMPEDANCE OF MONOPOLE ON INFINITE CIRCULAR DISK.I
C EFIN - IMPEDANCE OF MONOPOLE AT CENTER OF FINITE CIRCULAR DISK.
C DELI - ZFIN - ZINF.
C CALCULATE DELZ USING THlE FORMULA OF WAIT AND SURTEES.

CALL CISI(CP,CIN,SP,2.(R+HK))
CALL CISI(CM,CIN,SM,2.-(RK-HE))
Q1-CMPLX(CP,P2-SP) JE3S.Q4PLX (C,p2-SM) /EJSI
CALL CISI (CP,CIN,SP.RM+SK+HK)
CALL CISI (CM, CIN, SM, RJ+BK-HK)
CALL CISI(CB,CIN,S,RK+IC)
Q2.0,g'LX(CP,P2-SP)*EJHOG'LIaCHc,P2-SM) /EJH-COPLX(C8,P2-SD)
CALL CISI(CI,CIN,SI,2.BX)
03-C)PLX(CI,P2-SI)U
DELZQ01-4 . *CHjp*Q04+.*CHK*CMI*Q3

DELZ-ZSG*DELZ/ (4. 'PXSMIC'SX)
ZFIN-ZINF4DELZ
WRITE (15,2)BL, SF11

100 WRITE(6,2)BL,ZFINI
400 CALL EXIT

END

C
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I~ ~ SUBROUTINE CISI(CI,CN,SI.X) alight Ioiiato

I~~ ~ CIN:Cl(x.1.073/
C SI -Si(x).

I IF(A.GT.4.)GO TO 10
IF(A.GT. .i)GO TO 3
IF(A.GT.0.)GO TO 2
CI - 0 C
CIN- .0

SI- .0:GO TO 8

3 Y-COS (A)*j.A

((C *((((4l.048069E-9*Y-2.56894E-7)*Z+.317E-)*Y-7.968E-)

C*+.6001-2) *Z+.39559E-l)

902035-2) 5-4. 00416-21 1.896SE- Z42. 61259-) 

8CI-GAN+ALOG (A) -CIN
RETURN10 EINt A

I-OS
I-./
I- ((((.409-*-.713-)Z555'O-)Z7214E2
I +.876E2*-.351E3 Z-. 467 2) -.395 -5 z
I+.501-)Z2538E1
I-((((-.069-*+ .897E2*-.318E2*

C+790034-2*Z-.4041E-) -7456-)Z2 019E2 Z

1-.60O-)Z3121E2*Z6664E7*4.00O-



C FRtILLS. II
SUBROUTINE FRILLS (AK,SAP, DX,NEQ, VJ)

C FRILLS noe up the voltage column VJ(I).
C VJ(I) - voltage column for perfectly conducting wire dipole in
C free space using Galerkin'a method and sinusoidal baaes, and
C matching the boundary conditions on the surface of the wire.I
C Using magnetic-frill model for center-fed dipole.

REAL*S DZSrRS1,RS2
COMPLEX EGZ,GH,GP,GI(20),VJ(2),GII,QST,WST
DATA PI,TP/3.14159265359, 6.28318530718/
IDM-20
DO 20 1-1,NEQI

IFM(AP..LSEl.)RETUPJ4

VJ(l)-(.0, .0)

NSW..NEQ+ 1
SDKXSIN (DX)
CDK"COS (DK)
BAL-ALOG (BAR)

BX-AX 'BAR
AXS-AK*AK

I4PH- 6
NPm.2*(NPji/2)
NPP-4PN4 1

DPH.'PHA/NPH
PH-. 0
DO 90 LPN-1,2

WST-DPn*QST/ (3.'?!)I
SGN--l.
DO 80 IPH-1,NPP
WF-3 . +GN
IF (IPM. E0. 2) 1F-I .
IF (IPH.EQ.NPP)NT-1.
CPH-COS (PH)I
!F(IPH.GT.1)GO T0 40
IF(LPH.GT.1)GO TO 40
CPII-COS (DPH/l0.)

40 RSI-2.*AXS'(1.-CPH)
RS2-AKS+flKS-2 . AK*BK'CPH
AJNI-DSQRT (P.31)I

CALL CISI (CA, CI4, SA,RH1)
CALL CISI (CB,CIN,SB,RH2)
GI (11-2.'CMULX (Ca-CA, SA-SB)

Do SO I-2,LMI
DZS-DZ*DZ
RA-DSQRT (PSXDZS)
RbSDSQkT (RS2+DZS)
CALL CISI (Cl,CIN,S,RA+DZ)
CALL CISI (C2,CIN,S2,RB+DZ)I
GP-C)0LX (C2-Cl, 51-32)
RAM-RSl1/ (P.A+DZ)
P.'Ps2/ (B4Dz)
CAll, CISI(ClCIaS,RA4)
CALL C1II(C2,CIN,82,VAH)
G4-HLX (C2-C1, 81-52)I
ZGZ-COWLX (COS (DZ),.51W(05))

50 GI (l)-GPOKGZ+GE/ZGZ
VJJl)-VJ()W7'WP?' (GI (2) -CDK*GI (1))I

6I



!F(NEQ.LE.1)GO TO 78 FRILLS. 2

1(1-0
DO 60 I-2,NEQ

K3..K2+12-(1
IF(K3.GT.!DM)GO TO 60
GP-GI (11)-2. *CD1(G1 (12) +GX (13)
V3 (I) V3 (1)+WF*WST*GP

60 CONTINUEI78 SGN--SGN
80 PHNPH4DPH

DPH-(PI-PRA) /NI'i
90 PH-PHA

VJ(1)-2.*VJ(l)
R.ETURN
END

C
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c SUBROUTINE TPLZ (C, U,VJ,W~ , IER, IW., 112,NEQ) TPL:. I3

C MODIFIED VERSION OF SUBROUTINE FURNISHED BY CHARLES KLEIN,
C SOLVES SIMULTANEOUS LINEAR EQUATIONS.
C SET IWR -(l OR 0) TO GET (PRINTOUT OR NO-PRINTOUT).
C SET 112 - 1 ON FIRST CALL, WHERE MATRIX INVERSIOR IS REQUIRED.

C SET 112 - 2 IF MATRIX Z HAS ALREADY BEEN INVERTED ON PREVIOUS CALL.I
C NEQ - NUMBER OF SIMULTANEOUS LINEAR EQUATIONS.
C Z(J) IS THE FIRST ROW OF THE TOEPLITZ IMPEDANCE MATRIX
C VJ(J) -INPUT VOLTAGE COLUMN4

C C(J) -OUTPUT CURRENT COLUMN

C U(J) AND 14(3) ARE WORK ARRAYS OF LENGTH ?JEQI
C IF IER -0 , NO ERROR OCCURRED

COMPLEX C(1),V(1),VJl1),14(l),E(l)
COMPLEX AL)4DA,ALPHA,C1,C2, COEF,FAC,TAUI,V,V .V2

2 FORMAT(1X, 15,710.3,FlS.7,FXO.1)
5 FOP14ATC(1HO)

IF(NEQ.GT.1)GO TO 8I
C(1)-VJ(l)/Z(1)
CNOR-CAS(C(1))
GO TO 100

a IF(IXZ.NE.1)GO TO 45
N-NEQ- 1
IER-OI

C NORMALIZE INPUT M4ATRIX
TAUI-Z (1)
DO 10 11-1..N

10 ZfII)-Z(I41)/TAUl

ALMA-.-(1)*Z(l)I
U(1)--Z(1)
1-2

15 KK-I-1
ALPHA-(. 0,. .0)
DO 20 M-1,KK
LLi1-MI

20 ALPHA-ALPHA+U (H) 1(Li)
ALPHAk-- (ALPHA+I (I))
Ir(CABS(ALPMA).EQ..O)GO TO 130
COEF-ALPHA/ALMDA
ALMDA-ALMA- COEF 

t
ALPHA

DO 30 J-1,IU(
L-I-3

30 W(JI-U(J?+COEF*U(L)
DO 40 J-1,IU(

40 U(J)-W)J)
U (1)-COEF3
IF(I.GE.N)GO TO 45
1-1+1
GO TO 15

C THE FOLLOWING COMPUTES THE ELEMENTS OF THE INVERSE
45 NH-(NEQ+1)/2

7AC-ALWDA*TAU 1

ClIOR- .0
DO 90 I-1,N"i
IF(I.NX.1)GO TO 55
W(1)-1./FACI

50 W(j)-L?(J-1l/FAC
GO TO 70

55 CX-U(I-1)
NPI-Np-I

C2-u(Npi)

NPJ-NP-J

D-10



60 w :j.w11V+(CIU(J1)C2U(NPJ) )/FrAC TPL. 2

80 V(01-VW()

NP I-NP-J

C (NPI)-V1
IF(IWR.LE.0)GO TO 90
CA-CABS (V
IT ( CA. GT .CNOR) CNOP.-CA
CA-CABS (Vi)
IF (CA. GT .CNOR) CNOR-CA

90 CONTINUE
100 IF(IWR.LE.0)GO TO 120

C PRINT OUT THE SOLUTION FOR THE CURRENTS C(J)I WPITE(6, 5)
IF(CNOR.LE.0. )CNOR-1.
DO 110 I-1,NEQ
V-C(I)
CA-CABS (V)I CN-CA/CNOP
PH- .0
IF(CA.GT.0.)PH-57.29578ATAN2(AIAG(V),P.AL(V))

110 WRITE(6.2)I,CN,CA,PH
WRITE (6,5)

120 RETURN
130 XEP-I

RETURN
END

C
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C SUBROUTINE TSPAkR(AKDK,NEO.Z) TSPAR. II

C TSPAR sets up the impedance matrix 1(J).
C Z(J) - first low of impedance matrix for perfectly conducting
C thin-wire dipole in free space. using Gelerkin's method with

C overlapping sinusoidal basis functions and matching theI
C boundary conditions on the surface of the wire.
C AK - k-S, where k - 2-pi/lambda and a - wire radius.
C DK - k-d, where d - segment length.
C NEC - number of simultaneous linear equations.

REAL'S DZS,RS
COMPLEX EID(9O0 .EM(90ObEP(90),Z(l)I
COMPLEX CEMCEPEMDEPDEMD2,EPD2,Zll ,222,Gll .011
DIMENSION CID(90) .610(90) .CM(90) .CP(90) ,SM( 90) .SP(90)
DATA GAM,P2/.517215664,1.57079632/
DATA ETA,PI/376.727,3.14159/
IDM- 90

I ORMAT(3X,1MUST INCREASE DIMENSIONS IN SUBROUTINE TSPAR-)I
2 YORPMAT(3X, ACTUAL DIMENSION 2DM -',15,6X,

2 RE DUIRED DIMENSION MAX2 -',15)
IF(NEQ. LE.0 (RETURN
MAX2-NEO. 2
DO 14 I-1,NEO

IF(MAX2.LE.IDM)GO TO 16
WRITE) 6,1)
WRITE(6.2)IDM,MAX2
RETURN

16 TDK:-DK
5i1 3-m

521-DK
S2 3-3 . 'DK
Do 20 N-.MAX2
I-N-1
CID(N)-COS(DZ)
SID(N)-SIN(DZ)

20 EID(N)-CMPLXICIDIN),SIDIN))
CDR-COS(IDK)
SOR-SIN(DF)I
EPD-CMPLX( CDR.SDR)
EMD-CMPLX (CDR ,-SDR)
EPD2-EPD-EPD
EMD2-END END
CEM-2. 'CDI(.EMDI
CEP-2.*CDK+EPD
AR 2-AX AX
CSS-ETA'( 8. P2 'SDOSDR)
NPN-6
NPH-2'(NPN/2)
NPP-NPN.1

DPH-PKA/NPH
PH- .0
DO 100 JPH-1.2
CST-DPN-ETA/( 24. 'P1 '11 SDK*SDR)

C22-DPH/( 3. 'P1)

DO 80 IPN-l,NPP
CPH-COS C P)
SPH-SIN( PH)
IF(IPN.GT.1)GO To 30I
FHO-DPH/10.
CPH-COSI PRO)

101
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30 SPH;SIN(PN) TSPAR. 2

IS-2.* 'AK2(l.-CPI3 lkg-ISQRT (RS
W7-3.*.S GN
171 IPH.EQ0.1)WF-1.1

WST-WF;CSTN
W22-wr*C23 DO 40 N-1,MAX2
1-N-1
DZ.1 !DK

Pt-DSQUT( RS.DZS)
AKtG-R+DZ
I F (N.EQ.l )ARG-RI
CALL CISI(CP(NI.CIN,SP(N),ARG)
EP(N)-CHPLX(CP(N),-SP(N))
ITCN.GT.1)GO To 38
CN(1 -CP( 1)
SNI 1)-SP(Il

GO TO 40
38 ARG-RS/AP'.

CALL CISZ(CM(N),CZN.SM(NI.ARG)
KM(N)-CMPLX(CM(N).-SN IN))

40 CONTINUE
R!4.-(-CM12)*2.*CP(l)-CP(2))

C.2.*CID(3)*(4SM13)-2.*SM(2)-2.*SP(1)-2..SP(2)-SP(3))

3+. *SD( )1M(4-2.M( 3).C(2)2 C*P(2)2..P(3).C()I G~~~~~~~-.S (2-42.S f)SJ2).Sl)2.P()s()
C-2.*CID(2)*(-SM(3)-3.-SM(2)-.4.SP(1)-..SP(2).SPc 3))
N 2.'SXD(3)*(-CM(3)-2.*CNI2)-2.*CPI2)-CP(3) I

2(21-21 2)*WST*CMPLX1R,X)
Ir1NEO.V0.2)GO T0 70

-2*CI()*-CINI C(2-.*PI)3-C)-CP(3))

CMA-CNI(2)-2. ()2-S()2*P1)S()I CC-C(N)-2.CI(t l .01()CM2CP)-.P3*P()
SPAS(1(-M4#.S1)S()12)-2.'SP (111(4)

SPI.2 SPIN-S(4III 13-SI) -P22.S3)P()
SPCS(N(C()2*M3-M2*P2)-2.'SP(NXC(4
SN-I(N2)-*WSN(N1 1X(.X1)
SNF(N.02)2. TO(N 7011N

IID
jM N-13

Il"+



X:-CID(fl2) *1 SA+SltA)-2. *CD )*(P+M)2 SIDN CBCB TSPAR. 3I
L -CID(N2 ) (SPC.SliC).SID(N2)%'(CPC-CMC)
XF(N.GT. 3)X-X.SID(M2)-ICPA-CMA)

60 Z(N)-Z(N)+WSTCPLX(R,X)
70 PN-PN.DPN
80 SGN--SGNI
100 PH-PHtA

RETURN
END

C
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SURFc~lg!:e: h;.;rfae Ipednce S fr tin ire.

IK k SQW- .KSi(R / la/mCb.8an5a43ir3rdis

DAT ZT74TT/36722,2*7236..6383
SaSE-(U.9O1E-?4..1225rc/b~52-)403 4909*
X-AK11)'432334674S3.71B*4-4)E41

aEiRp.*T2((((-.4E-574.557E-3)*T4-.06092)4
22.6041849)*T4-32.36814S)7T4.11.22222)*T4-4.)T41

DEIP-X.((((((.4609E-4*T4-.379386E-2)*T4*.14677204).74
2-2.31167SI)*T4+11.37777B)*T4-10.666667)*T4.5
BES-CMPLX(BVR,9ElX

a ESI- .707107*CMPLX(BERP-SE!P,DE3P.5EXP)
GO T0 100

50 XP-.70710681-X

T-U(-.0459205,Xl..39062SE-2)-Xl..08S3SB35)*X1.l.

SCS-7F*CMLX(COS(T) ,SIN(1))
r ( .11290231-X..03515625)-x-.2651655)-XI..
3E-F ML(CST.XNT7.1160097'Xl..1S75)*XI. .26516505v.XI1.1780972.x?

100 zS--CMPLX(1..-l.)*ETA*3ES/mgS1,s0T/SQSWE
RETURN3 ENn

I 13
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Appendix II. output data from Wait-Surtees.For I

AL HL RINF XINF i
0.00300 0.22900 32.22021 -9.93279 I

BL RFIN XFIN

0.10000 43.93178 -27.96955 1
0.20000 28.43193 -20.13158
0.30000 25.36656 -11.10953
0.40000 29.26224 -5.85667

0.50000 34.19707 -6.53444

0.60000 35.41125 -10.37363 g
0.70000 32.85429 -12.58671
0.80000 30.25837 -11.25765
0.90000 30.52595 -8.70713
1.00000 32.74195 -8.13379 i
1.10000 33.91415 -9.83655
1.20000 32.81260 -11.36605

1.30000 31.15025 -10.87897
1.40000 31.06938 -9.27844
1.50000 32.45232 -8.72108
1.60000 33.36460 -9.77519

I
I

I

364

II
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